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Reflected Shock Tube Studies of High-Temperature Rate Constants for C4H4 O,, H,CO +
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The reflected shock tube technique with multipass absorption spectrometric detection of OH-radicals at 308
nm, corresponding to a total path length~e2.8 m, has been used to study the reaction @D, — CH,0

+ OH. Experiments were performed between 1303 and 2272 K, using ppm quantitiesl ¢h@thyl source)

and 5-10% O, diluted with Kr as the bath gas at test pressures less than 1 atm. We have also reanalyzed our
earlier ARAS measurements for the atomic channel {GHO, — CH3;O + O) and have compared both

these results with other earlier studies to derive a rate expression of the Arrhenius form. The derived expressions,
in units of cn? molecule® s, arek = 3.11 x 1013 exp(—4953 K/T) over thel-range 12372430 K, for

the OH-channel, anll = 1.253 x 10! exp(~1424XK/T) over theT-range 1256-2430 K, for the O-atom
channel. Since CHD is a major product in both reactions, reliable rates for the reactig©GHO, — HCO

+ HO, could be derived from [OHJand [O} experiments over th&-range 15872109 K. The combined

linear least-squares fit resuk,= 1.34 x 1078 exp(—26883 K/T) cni molecule® s 7, and a recent VTST
calculation clearly overlap within the uncertainties in both studies. Finally, a high sensitivity for the reaction
OH + O, — HO, + O was noted at high temperature in the O-atom data set simulations. The values for this
obtained by fitting the O-atom data sets at later time.2 ms) again follow the Arrhenius forrk,= 2.56

x 10710 exp(—24145 K/T) cni molecule* s71, over theT-range, 1956-2100 K.

Introduction relatively low pressures of the present experiments, eq la is
expected to be negligible, with eqs 1b and 1c being the only
important reactions.
CH, + O, — Products (1) Much of the earlier work on both channels was thoroughly
reviewed by Yu et a¥. In recent work from this laboratord,
is one of the most important propagation reactions in the com- the atomic channel, reaction 1c, was studied by atomic resonance
absorption spectrometric (ARAS) detection of O-atoms. Our
results agreed with modeling fits for eq 1c from the £
branching chain oxidation experiments of Hwang étlalt did
not agree with similar experiments from Yu et®alVe found
CH, + O, (+M) — CH,0, (+M) excessively large increases in [O] at relatively short times and
1 therefore proposed a significance for the direct reaction
AHg 1,= —30 kcal mol ~ (1a)

The reaction of Chtradicals with Q

bustion chemistry of Clj and this has prompted experimental
studies that span-55 yearst Three elementary reactions are
possiblé

— H,CO+ OH H,CO+ O, —~HCO+ HQO, (2)
o _ _ 1
AHg 1= —52 kcal mol ™ (1b) Both radical products from eq 2 rapidly dissociate at high
—CH,0+0 giving H-atoms that subsequently react with the large concentra-
. 1 tion of O, giving OH + O. In this O-atom stud§,we did not
AHg 1= 30 kcal mol * (1c) find it necessary to invoke any significance for the molecular

) ) ) o channel, eq 1b. The disagreement of rate constant values and
reactions 1b and 1c can be viewed as forward dissociation pathsne neglect of eq 1b prompted a comment from Eiteneer and
from the initially formed and vibrationally hot methyl peroxy-  Frenkiach and responses from Michael et’and Hwang et
radical with activation barriers that are higher lying than the g8 scire et aP and Hessler et aP have also indicated that
entrance channel. As discussed by Zhu et alj,1a dominates  hejr results cannot be explained without some significance for
at low temperature, but as temperature increases, eqs 1b and 1gsaction 1b. The large spread in values for the branching ratio
become competitive with stabilization of the initially formed petween egs 1b and 2@long with the cited controversy 10
vibrationally hot peroxy radical. At the temperatures and motjvated the recent shock tube study by Herbon &t aiho
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We earlier described a long absorption path multipass optical Results

system for OH-radical detection in the reflected shock reé¢fme
and used it to measure other high-temperature rate constéfits.
Since the controver8y® and new experimental resufthave
suggested that our earlier assertion the unimportance of eq

1b is incorrect, we have been motivated to study this reaction

system again by directly observing OH-radical formation. In

this work we have increased the path length for absorption by

using 32 passes giving a total path length of 2.798*as
compared to 12 passes (1.049 m) in our earlier wétkence,

a high sensitivity for OH-radical detection is possible thereby
minimizing the effects of secondary reaction perturbations.

Experimental Section

In this study, [OH{ was determined from measured absor-
bance, (ABS) = In[ly/lj = [OH]doon, through an earlier
determination of the absorption cross section at 308*nm

Oon = (4.516-1.18x 10 °T) x 10 " cn’ molecule™

Equation 3 is accurate to+15%.

Fifty-four experiments were carried out with varying con-
centrations of both CHland G in 85%Kr—10%He diluent gas,
and conditions are given in Table 1. Figure 1 shows three [OH]
profiles at three different temperatures. With the present level
of [OH]; and under the present conditions, simulations from a
mechanism are therefore needed in order to determine rate

The present experiments were performed with the shock tubeconstants for reaction 1b. We have expanded the mechanism
technique using OH-radical electronic absorption detection. The Used earlitto include additional secondary reactions. Table 2
method and the apparatus currently being used have beerflives the mechanism along with rate constants taken from the

previously describe#'® and only a brief description of the
experiment will be presented here.

The shock tube is constructed from 304 stainless steel in three
sections. The first 10.2 cm o.d. cylindrical section is separated

from the He driver chamberyba 4 mil unscored 1100-H18

aluminum diaphragm. A 0.25 m transition section then connects
the first and third sections. The third section is of rounded corner
(radius, 1.71 cm) square design and is fabricated from flat stock

(3 mm) with a mirror finish. Two flat fused silica windows (3.81
cm) with broadband antireflection (BB AR) coating for UV light

are mounted on the tube across from one another at a distanc

of 6 cm from the end plate. The path length between windows
is 8.745 cm. The incident shock velocity is measured with eight

fast pressure transducers (PCB Piezotronics, Inc., Model

113A21) mounted along the third portion of the shock tube,

and temperature and density in the reflected shock wave regime,

are calculated from this velocity and include corrections for
boundary layer perturbatiod$:1° The tube is routinely pumped
between experiments t610-8 Torr by an Edwards Vacuum

Products Model CR100P packaged pumping system. A 4094C

Nicolet digital oscilloscope was used to record both the velocity
and absorption signals.

The optical configuration consists of an OH resonance lamp,
multipass reflectors, an interference filter at 308 nm, and a
photomultiplier tube (1P28) all mounted external to the shock
tube as described previoudRy.1420With this new configuration,

a total path length of 2.798 m was obtainable thereby amplifying
the measured absorbances by 32.

Gases.High purity He (99.995%), used as the driver gas,

was from AGA Gases. Scientific grade Kr (99.999%), the

e

literature; most of these reactions are known sufficiently well
that they are not varied in the fitting procedure.

We first analyzed and modeled the new OH-radical data
determining ki, and then the earlier O-atom datavere
reanalyzed with tentative values for eq 1b, obtaining updated
values fork;.. In both analyses, we found it necessary to also
vary kp in order to get agreement at longer times. In general,
the initial concentration profiles for both OH-radicals and
O-atoms were determined mostly by eqs 1b and 1c; however,
under certain conditions, the determinations are highly coupled
involving mutually fitting three rate constants in an iterative
procedure between the two data sets. This situation can be
addressed using sensitivity analysis as described below.

For the OH data, sensitivity analysis on the mechanism of
Table 2 can be used to identify which reactions are important
in determining [OH{ For the profile at 1303 K in Figure 1 and
the other lowefT experiments in Table 1, sensitivity analysis
shows that only two reactions are important in determining
[OH];, CHgl dissociation and reaction 1b. Direct rate constant
determinations on Cjfl have already been carried out in this
laboratory?! and changing this rate constant by its uncertainty
of £35% gives only~+20% changes in thky, value that fits
the experiment. Hence, experiments at the lower temperatures
in the table do give direct measurementskgf At the inter-
mediate temperatures near 1600 K in Table 1, only eleven pro-
cesses contribute with the predominant process in the initial
stages of reaction being eq 1b, as shown by the sensitivity analy-
sis of Figure 2. At short times, there is slight sensitivity todCH
dissociatioA! and, at longer times, also from H@issociation.

Regarding HQ dissociation, the reverse reaction in seven
bath gases including Kr was recently studied in this laborafory.

diluent gas in reactant mixtures, was from Spectra Gases, Inc.In that work, the relative collision efficiencies were determined,

The~10 ppm impurities (N, 2 ppm; Q, 0.5 ppm; Ar, 2 ppm;
CO,, 0.5 ppm; H, 0.5 ppm; CH, 0.5 ppm; HO, 0.5 ppm; Xe,

5 ppm; and Ck, 0.5 ppm) are all either inert or in sufficiently
low concentration so as to not perturb OH-radical profiles. The
diluent gas also contained10% UHP He (99.999% from AGA
Gases) in order to vibrationally relax,ODistilled water,
evaporated at 1 atm into ultrahigh purity grade Ar (99.999%)
from AGA Gases, was used at25 Torr pressure in the
resonance lamp. Scientific grade (9.999%), for reaction
mixtures, was obtained from MG Industries and was used
without additional purification. Analytical grade GH(99%)
from Aldrich Chemical Co. Inc. was further purified by bulb-
to-bulb distillations with the middle third being retained. Test

and new and existing third-order rate constant determinations
were reviewed and fitted with a theoretical model. The values
implied, from transformations through equilibrium constants,
for HO; dissociation were withint40—50% of earlier evalu-
ationg?52that were based on less information. The success of
the model for a variety of bath gaséseads us to prefer, over
the present experimental temperature range, the transformed rate
constant for HQ + Kr listed in Table 2 (reaction 17 in the
table). Hence, both reactions are well-known and cannot be
significantly varied. Therefore, varying;, to simulate the
experiments at short times gives values that are nearly direct,
and the values obtained are listed in Table 1.

At longer times in this intermediafgrange (i.e.,~1600 K),

gas mixtures were accurately prepared from pressure measurewhere the [OH]approaches a steady state, reaction 2 becomes
ments using a Baratron capacitance manometer and were storethe most important reaction, and this property allows rate
in an all glass vacuum line. constant estimates for,80 + O, to be made. The derivead
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TABLE 1: High Temperature Rate Data for CH 3 + O, —

CH,O + OH

P/Torr M@  pg/(10¥cm™3)P  Tg/KP Kip ko
XCH3| = 9.740x 10_6; on = 4.988 x 10_2; XHe = 9.791x 102

15.86  2.458 3.117 1456  9.59(5y
15.87 2.419 3.068 1415 1.0014)
15.97 2.568 3.268 1574  1.41(4)
15.91  2.462 3.126 1462  6.34(5)
15.86  2.411 3.051 1409 5.34(5)
15.92 2.377 3.028 1370 4.50(5)
10.92  2.493 2.185 1496  1.10(4)
10.95 2.351 2.052 1349 5.33(5)
10.93 2.433 2.131 1432 7.04(5)
10.96  2.420 2.125 1418  7.75(5)
10.88  2.429 2.114 1430 7.17(5)
10.90 2.438 2.133 1435  7.64(5)
10.90 2.332 2.024 1330 7.6615)

Xcng = 4.851x 10°6; Xo, = 7.246x 1072 Xy = 1.045x 102
10.89 2.355 2.079 1333  6.45(5)

10.87 2.325 2.044 1304 7.25(5)
10.90 2.375 2.101 1354  1.05(4)
10.91 2.454 2.181 1435  1.48(4)
10.91  2.420 2.147 1399  8.23(5)
10.90  2.420 2.145 1399 1.34(4)
10.93  2.649 2.365 1645 2.16(4)
15.93 2.515 3.254 1495 1.32(4)
15.81  2.559 3.284 1540 1.0614)
15.92  2.358 3.042 1336 5.83(5)
15.82  2.337 2.993 1315  7.74(5)
15.86  2.420 3.115 1397 1.43(4)
15.90  2.500 3.229 1480 9.21(5)
15.91 2.383 3.074 1360 7.84(5)
15.97 2.324 3.003 1303  6.0015)

Xcrg = 1.695% 1078 X0, = 5.326x 1072 Xpe = 9.526x 1072
15.98  2.352 3.002 1346  6.17(5)

15.91 2.522 3.209 1522  1.}(4)
15.94 2.415 3.080 1411 6.57(5)
15.91 2.548 3.241 1549 1.25(4)
15.88  2.523 3.205 1523  1.8614)
15.90 2.323 2.948 1318  9.19(5)
15.99  2.479 3.172 1476  7.53(5)

Xcg = 1.819% 10°6; Xo, = 5.448x 1072 Xye = 9.743x 102
10.85 2.794 2.421 1843 3.42(4) 1.32(-14)
10.89  2.742 2.389 1780 2.9414) 4.62(-15)
10.86  2.862 2.474 1925 4.29(4) 2.52(-14)
10.92 3.061 2.630 2178  4.2714)

10.87  2.890 2.497 1959 2.64(4) 2.61(14)
10.91 3.132 2.674 2272 4.58(4)
10.92 3.064 2.632 2182 5.29(4)
10.89  2.686 2.343 1714 2.98(4)
10.84 2.891 2.492 1961 2.20(4) 2.66(14)
10.88  2.586 2.264 1596  1.94(4)
10.93 2.615 2.299 1628 2.14(4) 2.35(15)
15.96  2.579 3.281 1587 2.06(4) 9.18(-16)
15.94  2.668 3.379 1685 3.2004) 1.42(-15)
15.92  2.640 3.332 1659 2.56(4) 1.04(-15)
15.91 2.681 3.376 1705 2.9614)
16.00 2.974 3.694 2052 2.63(4) 5.71(14)
15.89 3.126 3.803 2244  5.11(4)
15.99  2.920 3.642 1986 2.08(4) 2.97(14)
15.95  2.930 3.616 1965 1.78(4) 2.20(-14)

aThe error in measuring the Mach numbs, is typically 0.5~
1.0% at the one standard deviation leveQuantities with the subscript
5 refer to the thermodynamic state of the gas in the reflected shock
region.¢ Parentheses denote the power of 10.

values are also listed in Table 1, but only for those experiments
that gave superior profiles when extended to-2% ms. Data

quality is always an issue as seen in Figure 1 where the signal-

to-noise ratio is~5, entirely due to our decision to carry out
the experiments at low [OH] in order to inhibit the effects of
secondary reactions. Hence, the simulatgg and k, rate

Srinivasan et al.

constants in Table 1 fof = 1600+ 100 K are estimated to
only be accurate te-+20%.

Even though fewer reactions contribute, the experiments in
Table 1 at high values of > ~1750 K are more difficult to fit
as indicated by the sensitivity analysis for 1986 K shown in
Figure 3 where only seven reactions are sensitive. Reaction 1b
still dominates in the initial stages, but both egs 2 and 1c become
increasingly important after about 10&. Fort > ~400 us,
both HLCO — H, + CO (reaction 19 in Table 2) and Ot
OH (reaction 12 in Table 2) show some significance.

H,CO dissociation has been well characteriz&8or the OH
self-reaction, direct rate constants have been measured by
Wooldridge et al?2” and these are consistent with-OH,0 —

OH + OH transformed through equilibrium constdftasing
the recent re-evaluation for the heat of formation for OH-
radicals?*2> Therefore, this reaction is likewise well character-
ized, and none of these rate constants can be varied.

With the present signal-to-noise ratio, there are unfortunately
many combinations of the adjustable rates for eqgs 1b, 1c, and
2 that can give acceptable fits. In this higlregime, we have
reanalyzed our earlier O-atom restiitg665 K< T < 2109 K)
with rate constants that are compatible with Arrhenius extrapo-
lations of theT < 1650 K results for eq 1b. From the O-atom
profiles, new estimates fdg;c and alsok, can be made, and
this procedure and results are discussed in detail below. This is
an iterative process (generally involving 2 to 3 iterations)
between the two sets of data, [OH] and [O] profiles, and final
iterations were carried out for each individual experiment in
Table 1 atT > 1750 K. The resulting values are also listed in
the table for experiments that were considered to be of superior
quality up to~2.0 ms. The fitting procedure involves simul-
taneous adjustment of two rates, namddy, and k, with the
reanalyzedk; values from the O-atom fits, and therefore, the
final accuracy fokipat T > 1750 K is~+30—40%. Note that
eq 1lc is so slow below 1650 K that it does not affect our
conclusions at all oty in the low T regime.

With the Table 1 values, an Arrhenius plot for reaction 1b is
shown in Figure 4 along with a linear least squares line that
includes all data points over the temperature range, 1303 to 2272
K. The line gives

ky, = (8.36+ 2.47) x 10 = x
exp(—6395+ 446 K/T) cnt molecule * s (4)

where the errors are one standard deviation values.

As mentioned above, the finding of a significant rate constant
for eq 1b has required a reconsideration of our earlier O-atom
data? Figure 5 shows two experiments, one at 1665 K and the
other at 1977 K, along with simulations using the mechanism
of Table 2. The rate constants for eq 1b, as described by eq 4,
were larger than those for eq 1c over the entire temperature
range. Hence, in the final O-atom simulations, the rate constants
for the molecular channel were fixed to the values implied by
eq 4. At 1665 K, the sensitivity analysis shown in Figure 6
indicates that [O] is most sensitive to eq 1c as claimed edrlier;
however, egs 1b and 2 are also significant. The negative effect
of eq 1b requires larger values for eq 1lc than originally
proposed. The values necessary to produce enough [O] at long
times again implies some importance for eq 3C8® + O,.4
Since BCO is produced from both processes, eqgs 1b and 1c,
the derived values for eq 2 are similar to those suggested in the
earlier work.

As with the [OH] fits for high temperatures, the O-atom
profiles at high temperature are not straightforward, as seen in
the sensitivity analysis in Figure 7 for the 1977 K experiment



Reflected Shock Tube Studies J. Phys. Chem. A, Vol. 109, No. 35, 2008905

18

16 -
] 1986 K

14 4

12

10

-3

1303 K

[OH)/10™molecules cm

I I I
1000 1500 2000 2500
time pus

Figure 1. Three temporal profiles of [OH] measured at three different temperatures. (Solid lines) Fits with full reaction mechanism listed in Table
2. The conditions for the high-temperature profile Rie= 15.99 Torr andVs = 2.920,Ts = 1986 K, ps = 3.642 x 10" molecules cm?, [CHal]o

= 6.624 x 10> molecules cm?, and [Q]o = 1.984 x 10" molecules cm®. The intermediate temperature conditions Bre= 10.93 Torr andVis

= 2.615,Ts = 1628 K, ps = 2.299 x 10'® molecules cm?, [CH3l]o = 4.182 x 102 molecules cm?, and [Q]o = 1.253 x 10 molecules cmd.

For the lowest temperature profile the conditions Rye= 15.97 Torr andMls = 2.324,Ts = 1303 K, ps = 3.003 x 10 molecules cm?, [CHsl]o

= 1.457 x 10" molecules cm?, and [Q]o = 2.176 x 10' molecules cm?.

T
0 500

of Figure 5. The most sensitive process &t 200us is still eq sets of data. As stated above, the values in Table 1 were obtained
1c as claimed earligrHowever, reaction 2 followed by HO from [OH]; measurements at long times and, in Table 3, from
dissociation (reaction 17 in Table 2) dominates in producing O-atom measurements after about 100 to 20@ip to~700 to

the excess [0O], documented earltesfter ~200—300 us. As 900 us depending on temperature. An Arrhenius plot of these
discussed above, even though reaction 1b, with the rate constanvalues is shown in Figure 9. As seen in the figure, the two sets
given by eq 4, contributes at loW, it is of minor significance of data are scattered and overlap. We have used all points to
at highT, partially corroborating our earlier decision to consider determine a linear-least-squares line given by

it to be negligible! At high T, two other processes become

important at longer times, namely,60O— H, + CO (reaction _ _ _

19 in Table 252 and OH+ O, — HO, + O, the latter being log (7.873+ 0.524)~ (11675+ 981 K)IT_ (6)
postulated to explain the high levels of [O] produced at high

temperatures in~1.2 ms. Since H@ dissociation is well where the errors are one standard deviation values, and the units
characterized! three reactions (eqs 1c, 2, and 35 of Table 2) of k; are cnf molecule® s2.

contribute strongly to the O-atom profiles at high temperatures  As noted above, it was necessary to postulate one additional
requiring variation of all three reactions. Fortunately, the initial reaction in the O-atom data set simulations at temperatures above
profiles are most strongly affected by eq 1c followed in time 1950 K. Simulations using only egs 1b, 1c, and 2 were
by eq 2 and then eq 35. _ _ _ acceptable up to-700-900ys, but the predicted [@fell below
The values for egs 1c and 2 derived from the fits are listed e high-temperature experimental profiles -al ms. We
in Table 3, and an Arrhenius plot of the data for 1c is given in therefore postulate the importance of the reaction, ©8, —
Figure 8. The upper line is from Yu et &s before? it is still HO, + O (reaction 35 in Table 2), at these high temperatures.
~2—3 times too high. The lower line in the figure is from a Thjs reaction is already present in simulations using well-known
linear-least-squares analysis of the data in the table and can b&nechanisn2 53 because the back reaction is included. and
represented by therefore, through equilibrium constants, the forward reaction
1 is also included. The values for this reaction that are necessary
ko= (4.47+1.23)x 10 ™ x to extend the O-atom simulations out to 1.2 ms follow the
exp(-12572+ 522 K/T) cn? molecule s (5) Arrhenius equation over the limiteBirange, 1956-2100 K.

where the errors are one standard deviation values. We estimate;, _ —10 Sl -1

the errors irk;c to be~+20—25%? It should be noted that the kis = 2.56 107" exp(-24145 KIT) entt molecule 5(7)

values for eq 1c obtained by this procedure for both low and

high T experiments were iteratively updated several times for

use in the OH-radical analysis described above that gave theDiscussion

eq 4 result. This eq 4 result was likewise iteratively updated

for use in the O-atom experiments giving eq 5. In this work, four rate constants have been estimated from
Tables 1 and 3 list the rate constant values for reaction 2 two sets of data, and the results are summarized in eds 4

that give acceptable fits for both the OH-radical and O-atom The present findings show that rate constants for reaction 1b
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TABLE 2: Mechanism for Fitting [O] and [OH] Profiles from the CH 3 + O, Reactior?

Srinivasan et al.

CHs + O, — H,.CO+ OH
CH+ 0, —~ CHO+ O
H,CO + O, — HCO + HO,
CHyl + Kr — CHz + | + Kr
CH,O + Kr — H,CO+ H + Kr
H+O,—~OH+O
OH+0—0,+H
O+H,—~OH+H
OH+H—H,+0

OH+ H;—HO+H
HO+H—O0OH+H,

O+ H,O0— OH+ OH

OH+ OH— O+ H,0O
H,CO+ OH— H,O + HCO
HCO+ O— OH+ HCO
HCO+ Kr —H + CO+ Kr
HCO+ O, — HO, + CO

HO, + Kr —H + O+ Kr
H,CO+ Kr =HCO+ H + Kr
H,CO + Kr — H, + CO+ Kr
I+0,—~10+0
CH;"‘CHg—’Csz

CH3+ CH3_’CzH4+ 2H

O+ CoHe— OH + H + CoH,
OH+ C2H4—' Hzo+ H + CZHQ
CH;+ O—H,CO+ H

CH+ O—H,+ CO+H
CH;+ OH— 'CH,+ H,0
1CH;+ Kr — CH, + Kr
1CH2+ Oz"CHz + 02

CH+ O,—H,CO+ O
CH+0O0,—CO,+ 2H

CH+ O,— CO; + H

CH+ O,— HCO+ OH
OH+ HOz"Oz‘F Hzo

OH+ O, —HO,+ O

OH+ Csz_’C2H4 +H20+ H
CHOH + Kr — CHz + OH + Kr

OH+ CH;OH — H,CO+ H, O+ H

H2+ Oz_’H + HOz

a All rate constants are in chmolecule® s,

Figure 2. OH-radical sensitivity analysis for the 1628 K profile shown in Figure 1 using the full reaction mechanism scheme and the final fitted

0.30

0.25

SENSITIVITY COEFFICIENTS

-0.10 -

o9 o

kip = to be fitted

kic = to be fitted

k. = to be fitted

=8.04x 10°exp (—20 566 KI/T)
6.51x 10T %%5exp (—~16 704 K/T)
1.62x 100 exp (7474 KIT)
5.42 x 10718 T%375exp (950 K/T)
8.44 x 10720 T267exp (—3167 KIT)
3.78 x 10720 T267exp (—2393 K/T)
9= 3.56x 10716 T+52exp (—1736 K/T)
kio = 1.56 x 10715 T+52exp(—9083 K/T)
ki1 = 7.48x 10720 T27exp(=7323 K/T)
ki2=7.19x 10722 T27exp (917 K/T)
kiz=5.69 x 10715 T+18exp (225 K/T)
kig = 6.92x 10783 T%57exp (—1390 K/T)
kis= 6.0 x 10 exp (~7722 K/T)
kie=1.26 x 10 ™ exp (204 K/T)
kiz=7.614x 10 Pexp (22 520 K/T)
kig= 1.019x 10 8exp (—38 706 K/T)
kig=4.658x 10 °exp (—32 110 K/T)
koo =7 x 10" exp (—30 977 K/T)
kai(p, T)

ko> =5.26 x 10 *texp (~7392 K/T)

kos = 1.87 x 10"*%exp (—3950 K/T)

koa = 3.35x 10 texp (—2990 K/T)
kos=1.148x 10710

k26 =2.52x 1011

ko7 =1.15x 107 9T 04884

kzg =40x 10141-0‘93

k29 =52x 1011

kso = 6.56 x 1072 exp (—750 K/T)

ka1 = 8.61x 1072 exp (=750 K/T)

ka2 = 7.80 x 10~ *2exp (=750 K/T)

kss = 1.394x 10 " exp (—750 K/T)

kag = 2.35x 10710 T-02exp (56 K/T)
kss = see text

kss = 2.68 x 10718T2224exp (—373 KIT)
ks7=1.10x 10 7exp (—33 100 K/T)
ksg = 1.10x 10" °T%5exp (483 K/T)
ksg = 1.228x 10718T243exp (—26 926 K/T)
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values forky, andk; listed in Table 1. The eleven most sensitive reactions are shown.

4
[33-35]

are larger than those for eq 1c over the entire temperature range, CH3z + O, — H,CO + OH: The earlier data on reaction 1b

contradicting our original assertidrin the paragraphs to follow,

have been thoroughly reviewéd:'' As pointed out by Yu et

the present results are compared to earlier determinations andil.? the published results prior to 1995 fall into one of two

to existing theoretical studies.

groups. The theoretical estimate of Zellner and Etiga lower
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Figure 3. OH-radical sensitivity analysis for the 1986 K profile shown in Figure 1 using the full reaction mechanism scheme and the final fitted
values forky, andk; listed in Table 1. The seven most sensitive reactions are shown.
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Figure 4. Arrhenius plot of the data fdt, from Table 1. @) Present work (13032272 K). (Solid blue line) Fit to the present data (eq 4 in text),
(dotted line) ref 52, and (purple dashed line) ref 53.

boundary for the “high” group that includes approximately 10 have to be made on which studies to include in the evaluation.
earlier studies. The Leeds Methane Mechaftdmas preferred In the past 10 years, there have been four experimental
to use a slightly modified Zellner and Ewig value for this rate studie$1%11.550n reaction 1b besides our own. One of these is
constant. On the other hand, Yu et al. used theory and sensitivitythe Yu et aF study that falls into the “low” group, as discussed
analysis to inform their choice of values for fitting branched above. Another is the unpublished thesis dissertation study by
chain oxidation studies of Ck and their final values are  NaumanrP®® which was partially reported by Braun-Unkhoff
representative of the “low” group. The extrapolated values from et al52 The final result®®® of this fall into the “high” group.
Yu et al. are slightly modified in the popular kinetics code for The other two studie¥,!! like the present, fall between these
methane oxidation, GRI Mec.The result is about an order  two groups. We believe that this most recent ten-year record is
of magnitude discrepancy at lower temperatures between thea reasonable basis for an evaluation whose details are now
Leeds and GRI mechanisms for this rate constant. The resultsdescribed below.
from these earlier evaluations are shown in Figure 4 along with  Between 1550 and 2200 K, Yu et&teport a value for eq
the present values where the summary, eq 4, is between thelb of
high and low groups.

To develop an evaluated rate constant from measurementsk,, = 3.072x 10 *exp(~10224 K/T) cni molecule * s *
that span many decades and are of uneven quality, decisions 8
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Figure 5. Measured O-atom profiles for two typical experiments. (Solid lines) Fits with full reaction mechanism listed in Table 2. The conditions
for the upper trace are; = 10.95 Torr andVls = 2.909,Ts = 1977 K, ps = 2.539x 10'® molecules cm?, [CH3l]o = 4.042x 102 molecules cm?,
and [Q]o = 1.478 x 10'" molecules cm?®. The conditions for the lower trace aPe = 10.99 Torr andVls = 2.647,Ts = 1665 K, ps = 2.340 x
10" molecules cm®, [CHsl]o = 3.725 x 10" molecules cm?, and [Q]o = 1.362 x 10" molecules cm?.
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Figure 6. O-atom sensitivity analysis for the 1665 K profile shown in Figure 5 using the full reaction mechanism scheme and the final fitted values
for kic andk; listed in Table 3. The ten most sensitive reactions are shown.

Equation 8 was determined by fitting induction period data to the significant methyl depletion reaction. The weighted least-
a complex mechanism using sensitivity analysis to determine squares fit to their data is
the best experimental conditions. Equation 8 is plotted along

_ —12 11
with the summary of the present data, eq 4, in Figure 10. kyp = 1.24x 10 ?exp(~7172 K/T) cnf molecule * s 9
Hessler et al® have determined rate constants using the ©)
tunable-laser flash-absorption techniefuéo observe OH- over the temperature range 1237 to 1520 K. Even though this

radicals directly behind incident shock waves. These experi- and the present experiments have used the same diagnostic, the
ments used (CEJoN2 as the source of Cifadicals in the experiments are not identical. The present work utilizes very
presence of+30% O in Ar bath gas. Large quantities of He low [CH3]p and observes [OHKJfor long times up to 2 ms,
and/or Ckz were additionally added to vibrationally relax.O  whereas the laser flash absorption method uses very higfl{CH
The sensitivity spectrum with such large concentrations is and observes [OHJor particle times<50 us. Equation 9 is
entirely different than that in the present work. Even so, these also plotted in Figure 10 where the agreement between eqs 4
workers were able to design experiments where reaction 1b wasand 9 is seen to be excellent.
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Figure 7. O-atom sensitivity analysis for the 1977 K profile shown in Figure 5 using the full reaction mechanism scheme and the final fitted values
for kic andk; listed in Table 3. The eight most sensitive reactions are shown.

TABLE 3: High Temperature Rate Data for CH 3 + O, — T-dependence was chosen to be identical to the theoretical
CH;O0+ O results of Zhu et af.Equation 10 is also plotted in Figure 10
PJ/Torr M@  pg/(101cm3)P  To/Kb Kic [ and can be compared to the present results and those from Yu
Xy = 2.482% 105 Xo, = 1.056x 10+ et al. a_nd Hessler et al., as summarized by egs 4, 8, and 9,
596 2.823 1.410 1802 4.39(5F 3.49(-15) respectively. ,
592 3.055 1.502 2078 1.09(4) 2.32(14) The final study is from Stuttgart where OH was observed by
7.48 2.959 1.847 1962 7.0205) 1.13(14) narrow bandwidth laser absorption, and both O- and H-atoms
7.46  3.045 1.887 2066 1.01(4) 1.92(-14) were observed by the ARAS technigtfeRate constants were
Xcng = 1.592x 1076 Xo, = 5.822x 1072 obtained by fitting a mechanism with variable values for both
10.96  2.865 2.517 1916 7.0615) 9.76(-15) channels. The earlig®® was subsequently updated with more
10.79  2.998 2.574 2083 1.09(4) 5.47¢14) extensive analyseé8P and the preferred result for eq 1b is now
1095 3.018 2.626 2109 1.18(4) 3.56(14)
10. 2. 2.594 2 . 1.84¢14 _ -
1093 284 579 To67 2?% 5.33(6153 kyp = 2.906x 10 ** exp(~7000 K/T) cni molecule™s
1091 2.688 2.357 1712 2.99(5) 1.09¢15) (11)
10.97 2.715 2.392 1744 3.5815) 1.56(15) o
10.99 2.647 2.340 1665 2.19(5) 7.47(-16) over the temperature range 1250 to 1600 K. The activation
10.98 2.776 2.444 1815 3.6115) 1.66(-15) energy chosen for eq 11 was from a calculation by Walch,
10.95  2.909 2.539 1977  7.34(5) 1.37¢14) and the value for the A-factor was determined from fits to the
10.93 2971 2.579 2055 9.0715) 2.34(-14) data. Equation 11 is also plotted in Figure 10 along with the
1093 2.999 2:599 2091 1.12(4) 1.55(14) other results. Clearly, the extrapolated results from egs 4, 8, 9,
@The error in measuring the Mach numbbfs, is typically 0.5~ and 10 all agree, within experimental error, above 2000 K;

1.0% at the one standard deviation leveQuantities with the subscript however, the extrapolated results from eq 11 diverge from the
S refer to the thermodynamic state of the gas in the reflected shock gther sets at high temperatures.

region.© Parentheses denote the power of 10. Equations 4, 8, 9, 10, and 11 have been used to generate a
database over the temperature range, 2880 K, by calcu-
[OH]; and [O] using electronic absorption and ARAS methods, I_?tlng f|vef eqpally ?pgcelg pr?mttsdmth{ bet Oﬂly over lthe_ ht
respectively. These reflected shock wave experiments in Ar used_l_;]range (I)t' a gé\gen S ut Y- afl'(t:t 3 u _% theriorhe as equal weignt.
CHl as the source of [CHo ,with high [O;] and [He], and e resulting 25 points are fitted wi e Arrhenius expression,

were carried out at somewhat higher pressures. In general, [OH]and the least-squares result is

was~5—20 times higher than that in the present work. From 13 Y
normalized [OH] measurements, they were able to determine K1 = 3:11x 10~ exp(-4953 K/T) cnt molecule 312
the total rate constami = kip + ki, where thek;c values were (12)
determined from the O-atom results. In the fitting procedure, o, 1237-
the branching ratiax = ki/k; was evaluated, allowing a rate
constant expression to be specified for eq 1b,

In work similar to the present, Herbon et'dlobserved both

2430 K. Equation 12 is then an evaluation and is
compared to the studies in Figure 10 where it is plotted as the
thick solid line. Except for the highest temperature point by
92286 Herbon et all! eq 12 is within~+46% of the present work
kjp=1.14x 10 “T%7 x and two of the studié&!! that were used to derive it, being
exp(—4916 K/T) cn? molecule *s™* (10) closest to the results of Hessler et@The results of Yu et al.

and Naumant®are low and high, respectively, by up to a factor

over the temperature range 1590 to 2430 K. The A-factor and of 3.
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Figure 8. Arrhenius plot of the data fok;c from Table 3. ) Present work (16652109 K). (Thin solid blue line) Linear least-squares fit that
includes all data points (eq 5 in text), (thick solid line) ref 3.
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Figure 9. Arrhenius plot of the data fok,. (x) Values listed in Table 1 (see text)a) Values listed in Table 3 (see text). (Solid blue line)
Linear-least-squares fit that includes the crosses and the triangles (eq 6 in text). (Solid black line) Variational transition state théwuketizal ca
with error bars (see text).

Zhu et al? have carried out ab initio electronic structure by Zhu et al. at 13.4 kcal mo}, in better agreement with an
calculations on eq 1b, determining transition state and reactantearlier estimate of 13.7 kcal mdl by Walch57
structures. They also found the crossing point betwéeérand CH3 + O, — CH30 + O: The earlier data on reaction 1c
A" states. The lowest barrier was calculated to be 15.0 kcal have been thoroughly reviewéd® and the spread in values is
mol~%. Presuming that the probability for state crossing was substantially less than that for reaction 1b. The line summarizing
unity, they then carried out microcanonical variational transition the present results, eq 5, is plotted in Figure 11. In the past
state RRKM theoretical calculations to estimétg At 1 atm decade, there are four additional stud@fe¥55to which the
and 1000 K< T < 3000 K, they reportett;, = 1.14 x 10722 present reanalysis can be compared. Hwang éttrbon et
T286 exp(-5115 K/T) cn? molecule® s™. This expression 3| 1 and Naumani¥® have reported respective values of
predicts values that agree with eq 12 within experimental error
at high temperature but, at lower temperatures, diverges to values, __ ~11 =
that are three to four times lower. Changing the apparent activaﬁ(lc_ 2.66x 10 " exp(-15813 K/T) (1575-1822 K) (13)
tion energy to 4292 K (8.529 kcal md) gives the compromise k. =1.01x 10 167154 exp(—14005 K/T) (1596-2430 K)
value shown as the green line in Figure 10. This suggests that ¢ '
the barrier could be-1.6 kcal mot? lower than that suggested (14)
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Figure 10. Comparison of the present work with recent experimental and predicted resutis. id@ashed blue line) Present work (eq 4 in text),
(YWEF) ref 3 (eq 8 in text), (HDWO) ref 10 (eq 9 in text), (HHBG) ref 11 (eq 10 in text), and (N) ref 55b (eq 11 in text). The thick solid line is
a linear-least-squares fit (eq 12 in text), and ZHL (ref 2) is a modified theoretical expression (see text).
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Figure 11. Comparison of the present work with recent experimental resultg; fofDashed line) Present work (eq 5 in text), (HRDR) ref 5 (eq
13 in text), (HHBG) ref 11 (eq 14 in text), and (N) ref 55b (eq 15 in text). The thick solid line is a linear-least-squares fit (eq 16 in text), ZHL (ref
2) is a modified theoretical expression (see text).

and study is given equal weight. The results of Yu et3aheing
higher than egs 5 and 335, have therefore not been included
kj, = 1.428x 10 "exp(—14070 K/T) (1256-2150 K) in the database. The resulting 20 points are then fitted to the
(15) Arrhenius equation, and the least-squares result for 2830
Kis

all in cm?® molecule’® s71. The fourth study, Yu et af gives a

result that is substantially higher than those eqs 5 anel53 kyo=1.253x 10 " exp(—14241 K/T) cni molecule * s *

The present result, eq 5, and these studies have been used to (16)
generate a database over the temperature range;-2280 K.

Five points are calculated from the expressions over equal range€quation 16 is then an evaluation based on four studies. Values
in T~1 but only over the T-range of a given study. Hence, each from these studies are calculated to be witkitt30% from eq
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Figure 12. A simulation of OH profiles at three temperatures 1811, 1690, and 1594 K, respectively, using the mechanism of Table 2 and the
evaluated rate constants flai (eq 12 in text) kic (eq 16 in text) k. (eq 6 in text), andkss (eq 7 in text). The total densities are 1.060.0'%, 1.018
x 101, and 9.877x 10 molecules cm?, respectively, for 0.5% CHand 10% Q mixtures.

16 except for the 2430 K value from Herbon etlt should nius plot curvature and cannot be appropriately expressed using
be pointed out that this level of error is close to those reported the usual Arrhenius expression. However, the theoretical results
in the original studies. The rate expressions for eq 1c used incan be expressed to withif=2% by the three-parameter
the mechanisms GRI Meghand the Leeds Methane Mecha- expression

nisP3 are both~2.5—3.0 times too high, and therefore, eq 16

should be used for the atomic channel. k,=2.35x 10720 T#9 %

Zhu Qt al. have also carne.d'out ab |r'1|.t|o electronic structure exp(—18984 K/T) e moleculets™ 17)
calculations on eq 1&determining transition state and reactant
structures. In this case, the reaction occurs orfAtiesurface. over the temperature range 56R400 K. Because of a spread

The barrier height used in their RRKM calculations was 28.8 in calculated barrier values depending on the choice of the
kcal mol%, and there is no barrier for the reverse reaction. Again electronic structure method, eq 17 is only accurate-80%
using flexible variational transition state theory, the rate constant over the temperature range. This spread of values is shown in
calculated for 1c at 1 atm and 1000KT =< 3000 K iskyc = Figure 9 along with the line calculated from eq 17. If egs 6 and
1.01x 10716 T154exp(—13276 K/T) cn¥ molecule’! s71. This 17 are compared, eq 17 is lower than eq 6~d5—40% over
expression predicts values that are nearly equal to eq 16 at 125Qhe present T-range, and therefore, theory and experiment do
K but diverge to a value nearly two times higher at 2430 K. As overlap within the range of uncertainties in both.

seen in Figure 11, by raising the apparent activation energy to  OH + O, — HO, + O: As stated above, this postulated
13920 K (27.663 kcal mal), the adjusted theoretical values reaction (reaction 35 in Table 2) was important in fitting {O]
are within30% of eq 16 over most of the temperature range, at high temperature with the necessary rate constant given by
diverging to£40—50% at the highest and lowest temperatures eq 7. The reverse reaction (e¢35) shows a slight negative

in the database used to derive eq 16. This would then suggestT-dependence in the 26@50 K regime! There is only one
that the barrier height might be 1.3 kcal mbhigher, at 30.1 high temperature estimate for eq 3&nd therefore, almost
kcal mol?, than that used by Zhu et al. This higher value agrees nothing is known about this reaction. Theoretical electronic

with two recent thermochemical evaluations of 2%:90.5°® structure calculations on the HQystem have been carried
and 29.8+ 0.1 kcal mol'* by Ruscic et al. and Ruscic, outf62 and a negligible barrier for eg-35 is predicted, in
respectively, who now prefeAHg o, o = 6.63 £ 0.10 kcal agreement with the small measufedependence. The Varandas
mol~! using active tables instead ofF?he 5.4 kcal malsed by et al. calculatior® suggest that eq-35 goes through an
Zhu et al. H-bonded structure (at 1.35 kcal mél below separated

H.,CO + O, — HCO + HO,: As stated above, both the reactants) before proceeding down the steep well toward
[OH]; and [O}] experiments allow rate constant estimates for products OH+ O,. An upper limit can be estimated using the
reaction 2, and the values obtained (Tables 1 and 3) are plottedcollision rate constant for eg35 with methods described
in Figure 9. Direct values based on O-atom ARAS experiments earlief? giving ~5.4 x 1071 cm?® molecule’! s~1 between 1950
have also been carried out in this laboratory, and variational and 2100 K. With updated equilibrium constants from active
transition state theoretical estimates of thermal rate constantstables?® the transformed values for eq 35 then range between
for the reverse reaction have been made using an unscaledb2% and 75% of the values implied by eq 7, suggesting that
potential energy surface calculati&hThe transition state is  reaction 35 may be the explanation for the excessively large
loose and has two hindered rotors. Theoretical rate constantgO] observed at long times in the experiments. We point out
for the reaction are then calculated from the backward rates that this simple theory fails for eg35 at lower temperatures,
coupled to updated equilibrium constant values from active giving values~6 times larger than those measured, probably
tables®®59The rate constant estimates show substantial Arrhe- because an entropy decrease is required in proceeding from a
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collision complex to the H-bonded structure. This transformation (7) Michael, J. V.; Kumaran, S. S.; Su, M.-C.Phys. Chem. 200Q

may exhibit temperature dependence. Clearly, this reaction is 104 28??- S M. Rvu SO DeWitt K. J.- Rabinowitz. M. I
quite complicated and will require new and more accurate Phy(s.)Chévr?\r.]%ZOdQ 104 o803, o T o raninowtz, A2
determinations of the ab initio potential energy surface along (9) Scire, J. J., Jr.; Yetter, R. A.; Dryer, F. Int. J. Chem. Kinet.
with modern dynamical calculations to theoretically assess the 2001, 33, 75.
T-dependence for eq 35 and its reverse over the entire range, (10) Hessler, J. P18" Combustion Research Conferen&hemical
200 to 2150 K Sciences Division Office of Basic Energy Sciences, U.S. DOE, Tahoe City,
: CA, May, 1996; pp. 134137. Hessler, J. P.; Du, H.; Wagner, A. F.; Ogren,
o ) P. J., private communication, 2004.
Implications to Methane Combustion (11) Herbon, J. T.; Hanson, R. K.; Bowman, C. T.; Golden, DRvbc.
. Combust. Inst2004 30, 955.

In the present study, new high-temperature values for four 12y sy, m.-C.; Kumaran, S. S.; Lim, K. P.; Michael, J. Rev. Sci.
rate constants are deduced from both OH-radical and O-atominstrum.1995 66, 4649.
concentration profiles, that is, eqs 6, 7, 12, and 16. If these values_ (13) Su, M.-C.; Kumaran, S. S; Lim, K. P.; Michael, J. V.; Wagner, A.

; ; ; ; ; i~ F.; Harding, L. B.; Fang, D.-CJ. Phys. Chem. 2002 106, 8261.
ar? included in the mechamsm glv_en in Table 2, the queStlor.] (14) Srinivasan, N. K.; Su, M.-C.; Sutherland, J. W.; Michael, JJV.
arises as to whether this mechanism can be used to explaibpys ‘chem. 2005 109, 1857.

induction delay experiments in the branching chain oxidation  (15) Michael, J. V.Prog. Energy Combust. Sci992 18, 327.
of CHs. Inspection of the table shows that nothing can occur  (16) Michael, J. V. InAdvances in Chemical Kinetics and Dynamics

without adding initiation processes. We have therefore inves- rBe?Q?z;{cJésR” Ed.; JAI: Greenwich, 1992; Vol. I, pp-4T12, for original
tigated the effects of including two such reactions (17) Michael, J. V.: Sutherland, J. Wht. J. Chem. Kinet1986 18,

CH,+ Kr—CH;+ H + Kr (18) (18) Michael, J. V.J. Chem. Phys1989 90, 189.
(19) Michael, J. V.; Fisher, J. R. IBeenteenth International Symposium
on Shock Wees and Shock Tube&im, Y. W., Ed.; AIP Conference

and Proceedings 208; American Institute of Physics: New York, 1990; pp-210
215.
CH4 + Oz — CH3 + Hoz (19) (20) Su, M.-C.; Kumaran, S. S.; Lim, K. P.; Michael, J. V.; Wagner, A.
F.; Dixon, D. A;; Kiefer, J. H.; DiFelice, Jl. Phys. Chenl996 100, 15827.
with eq 18 already being well-knowtHO, in eq 19 also gives (21) Kumaran, S. S.; Su, M.-C.; Michael, J. Mit. J. Chem. Kinet1997,
H which can react with Cllgiving CHs + H,, and therefore 29, 535.
al : giving & 2 ' (22) Tsang, W.; Hampson, R. B. Phys. Chem. Ref. Dat:08§ 15,
a competition exists between this reaction and the main 1087.
branching reaction, H O, — OH + O. The H+ CHj, reaction (23) Du, H.; Hessler, J. Rl. Chem. Phys1992 96, 1077.
is also well-knowf* and is now included in the mechanism. _ (24) Ruscic, B.; Wagner, A. F.; Harding, L. B.; Asher, R. L., Feller,
Figure 12 shows three [OH] simulations at different temper- 8He?1lx\?\?'~ g'cﬁweiifrssjn\;\f';ﬁyss°gﬁé%” g(')%g' i((')éNg?z% Y Liu, s
atures starting with 0.5% Ctand 10% Qin rare gas at a total (25) Herbon, J. T.; Hanson, R. K.: Golden, D. M.; Bowman, CPToc.
density of~1 x 10 molecules cm®. These conditions are  Combustinst. 2002 29, 1201.
similar to those used by Hwang et>alho were careful to take (26) Oldenborg, R. C.; Loge, G. W.; Harridine, D. M.; Winn, K. R.

boundary layer effects into account in determining total density Ph{zs%)c\?\?orglld%?dzggal\/?gt?'Hanson R. K.: Bowman. C. [fit. J. Chem

and temperaturé8 It is clear from Figure 12 that the mechanism  yinet. 1994 26, 389,
as presented does predict chain branching and is sufficient to  (28) Baulch, D. L.; Cobos, C. J.; Cox, R. A.: Esser, C.; Frank, P.; Just,
test ignition delay experiments. We point out that the mechanism Th.; Kerr, J. A.; Pilling, M. J.; Troe, J.; Walker, R. W.; Warnatz, 1.

should only be used in the initial stages of reactions because “Ph(yfg)cﬂfa”;;]?;; g/aﬂfgﬁ'zéhiiibkov £ N Stark. H.: Ravichankara
is not detailed enough to explain the chemistry occurring in 5 573 Phys. Chem. 2004 108 11526. Lo '

the high conversion regime. Last, we have attempted to fit the  (30) Timonen, R. S.; Ratajczak, E.; Gutman, DPhys. Chem198§

ty/4 values of Hwang et & with the complete mechanism. The 92, 651,

only unspecified rate constant is that for reaction 19. We find  (31) Michael, J. V.; Su, M.-C.; Sutherland, J. W.; Carroll, J. J.; Wagner,
some sensitivity for predicted induction times to the rate constant (F32‘; ES%SArgr:‘eg"S@gz”lg? f%’?mchael 3 Rfoc. Combust. Inst
for reaction 19, and the Hwang et &, OH-data values can 1998 27 125. = T I T

be predicted withk;g being about three times larger than the (33) Davidson, D. F.; Di Rosa, M. D.; Chang, A. Y.; Hanson, R. K.;
value recommended by Baulch et?&l. Bowman, C. T.Proc. Combust. Inst1992 24, 589. Davidson, D. F.;
Hanson, R. K.; Bowman, C. Tint. J. Chem. Kinet1995 27, 305.
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