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ABSTRACT

A low-pressure, fuel-rich flat flame of acetylene and oxygen was
characterized experimentally by mapping temperature and the profiles
of mole fractions for 38 stable species and free radicals. Flame
pressure was 2.67 kPa (20 torr), and the feed mixture of 46.5 mol %
CzH,, 48.5% O0,, and 5.0 % Ar (#=2.40) was introduced through the
water-cooled burner at 0.5 m-s-! (298 K). In addition, 174 stable
species with molecular weights 68 to 180 were quantified by GC/MS.

Predictions of mole-fraction profiles using the temperature profile
and mechanisms from the literature provide an unprecedented test of
mechanisms against such a detailed set of data. While many general
features were well-predicted, reaction-path analysis identified
causes for serious discrepancies that occurred for some species with
all mechanisms.

Bimolecular QRRK theory, a means of predicting rate constants of
chemically activated addition reactions, has been refined and tested
against measured rate constants in order to resolve some of these
problems. By quantitatively explaining reaction kinetics for
applications from H + O, chemistry to the formation process of
benzene, bimolecular QRRK proves to be a powerful supplement to the
more accurate but more parameter-rich RRKM theory.

It is proposed that all chemical reactions in combustion may be
classified as one of three types: (I) H-atom metathesis, (II)
chemically activated association, or (III) thermal isomerization.
This insight comes from the modeling and theoretical studies,
particularly from the general result, derived at the outset from
bimolecular QRRK theory, that chemically activated addition/deconpos—
ition is pressure-independent in its low-pressure limit, not its
high-pressure limit. Classifying literature mechanisms in this way
shows that the majority of flame reactions are chemically activated
associations.
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SUMMARY

S.1. Introduction
Chemistry in flames is complicated (1) by the critical role of

free radicals, which are difficult to measure; (2) by the large
number of species and reactions, which may have highly nonlinear
interactions; and (3) by the elementary reactions themselves, for
which rate constants may be unknown or poorly kriown. Knowledge about
fuel-rich combustion is especially limited, yet this condition is
unavoidable in diffusion flames, the type of flame that is used most
commonly. The consequences of fuel-rich combustion are very impor-
tant in practice because they can be desirable (e.g., generating
heat-radiating soot in furnaces) or undesirable (e.g., generating
chemicals that are health hazards).

The ability to model flame structure of laminar, premixed
hydrocarbon flames was demonstrated by Warrnatz (1981). Since then,
computer programs that take a chemical mechanism and predict concen-
tration profiles have become widely available. Consequently, the
main needs are for better sets of kinetics of the elementary reac-
tions and for detailed data to test these mechanisms.

Several mechanisms for fuel-rich combustion have been proposed,
most notably by Levy et al. (1983), by Miller et al. (1983), by
Warnatz (1983; Warnatz et al. 1983), by Westbrook et al. (1983 and
Westbrook, 1983), and by Westbrook and Dryer (1984). These mechan-
isms generally have been tested against measured profiles of concen-
tration but, at fuel-rich conditions, only for a few stable species
(Miller et al., 1983; Warnatz, 1983) and for H-atom in the post-
flame region (Levy et al., 1983). Many features of the profiles were
well-predicted, and quantitative agreement was a factor of two or
better. To improve and verify their performance, more complete
testing and examination of the mechanisms is necessary.

The present research addresses many of the needs described
above. Specifically:

(1) Detailed concentration and temperature data were measured

in a lightly sooting, low—pressure flat flame of acetylene, the

principal hydrocarbon in fuel-rich combustion.
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(2) With these data, detailed comparisons have been made for
the first time between the predictions of reaction networks and
a complete set of mole fraction data, identifying how the
predictions succeed or break down by using reaction-path
analysis, a novel but simple type of sensitivity analysis.

(3) Rate constants for addition reactions and their non-Arrhen—
ius temperature and pressure dependences are predicted by
bimole.:ular quantum-RRK theory (bimolecular QRRK), a newly
developed extension of unimolecular reaction theory. Examples
include oxidation reactions of small species, such as H + 0, ~
HO, or O + OH, and molecular weight growth, such as the forma-
tion of benzene by chemically activated addition/isomerization/
decomposition starting from C,H, + 1-C4H, and C,Hs, which are
tested with the flame data.

(4) Finally, the chemical reactions of combustion can be
categorized broadly for the first time as abstraction, chemical-
ly activated addition/recombination, or thermal isomerization/

decomposition reactions.

S.2. Experimental measurements of fuel-rich flame structure

Concentration profiles of 38 stable and free-radical species
were measured using molecular-beam mass spectrometry (MBMS) in a
low-pressure, premixed acetylene-oxygen flame (#¢=2.40). The condi-
tions were chosen to be similar to one of the flames (¢=2.38) in the
pioneering MBMS study of Bonne, Homann, and Wagner (1965). 1In
addition, point concentrations or upper limits were measured for 20
more species, and 174 stable species of molecular weights 68 to 180
were measured by microprobe sampling and GC/MS (Table S.1).

The flat~-flame burner, molecular-beam sampling system, in-line
quadrupole mass spectrometer (Fig. S.1), and techniques of species
identification and measurement have been described previously
(Bittner, 1981; Cole, 1982) and were used with minor modifications.
Flame conditions were 2.67 kPa (20 mm Hg), burner velocity of 0.5
m-s-1 at 298 K, and a feed gas (¢=2.40) of 46.5 mol % C,H,, 48.5 %
0., and 5.0 ¥ Ar. The area expansion ratio at a distance Z (cm) from

the burner was taken from previous measurements (Bittner, 1981) to be

21



Table S.1. Summary of species measured in #=2.40 C,H,/0,/5% Ar
flame, 50 cm's~! at 298 K.

Profile
or point Maximum mole
by MBMS; fraction [or Calibration
Mass Species or GC/MS point valuel uncertainty
1 H atom Profile 0.018, 0.4]1 cm Factor of 2
2 H, Profile Asymptote of 0.183 +16%
13 CH Point [£(0.6%2.1)10-¢,0.141 cm;
<(0#1.5)10-5,0.276 cm;
£(0+9)10-5,0.363 cm]
14 CH,» Point [$(1.1%4.8)10-6,0.141 cm;
3.2:10-4, 0.363 cm]
15 CH, Profile 4.7-10-3, 0.36 cm +50%
16 CH4 Profile 3.7-10-3, 0.18 cmw* ¢ 3%
17 OH Profile 9.7-10-49, 0.4]1 cm +50%
18 H,0 Profile 0.14, 0.61 cm +25%
25 C,.H Point [(6.6¢3.7)10-¢,0.103 cm;
4-10-¢, 0.161 cm]
26 C.H,» Profile Minimum of 0.06 at ¢ 3%
3.35 cm*
27 C.H, Profile 1.9-10-4, 0.46 cm* +50%
28 C,H, Profile 7.8-10-4, 0.27 cm* +50%
28 CO Profile Asymptote of 0.537 ¢ 3%
29 HCO (and C,Hg?) Profile 6.0-10-5, 0.38 cm +50%
30 H,CO, some CLoHg Profile 1.0-10-3, <0.01 cm +50%
32 0, Profile Asymptotic minimum t 3%
of 3-10-4¢
33 HO,» Profile 3.2-10-4, 0.04 cm +50%
34 H,0, Point [6-10-5, 0.176 cm]
36 C, Point [$(5%9)-10-¢,0.294 cm)
37 C.H Point [<<3-10-5,0.294 cm]
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Mass Species

Type
of data

Maximum mole
fraction [or
_point value]

Calibration
uncertainty

38 CqH-
39 CsH; (propargyl)

40 C H, (propyne and
propadiene)

40 Ar

4]1 HCCO, some CsHs
43 CH SCO and/or C 3H1

44 CH,CHO and/or C,Hg

44 CO,

49 C,H

50 C,H, (butadiyne)

51 C.Hs

52 C,H, (3-butenyne)
53 C, Hg

54 C,Hg (1,3-butadiene)

56 C,Hs (one or more
dimethylethenes)

62 CgH,
63 CgH,
64 CgH,
65 CsHs (and C HO?)

66 CsHg (3-pentenyne)
and/or C4H20

68 Csﬂ, or C4H4°

73 CeH

Profile
Profile

Profile

Profile

Profile
Profile
Point

Point

Profile
Point
Profile
Profile
Profile
Profile
Profile

Point

Profile
Profile
Profile
Profile

Profile

GC/MS

Point

1.94:10-4, 0.56 cm
1.02-10-3, 0.37 cm
9.8-10-4, 0.21 cm*
Monotonic decrease
from 0.050 to 0.040
4-10-5, 0.35 cm

7.2-1074, 0.14 cm

+50%
+50%

+50%

+10%

+50%

£50%

[$(0.121.2)-10-5,0.294 cm]

[<(6¢4) -10-5,0.039 cm;
€(0.9¢2) -16-5,0.294 cm]

0.086, 0.70 cm

[£(223) -10-©,0.32 cm]

9.7-10-3, 0.65 cm
2:10-5, 0.43 cm
1.8-10-4, 0.31 cm*
9.7:10%, 0.22 cm
5.0:10%, 0.17 cm*
(1.5-10-5, 0.318 cm]

1.8-10-5, 0.65 cm
5.5-10-5, 0.46 cm

6-10-5, 0.36
1.8-10-5, 0.39 cm

4.6:10-5, 0.23 cm*

[ 8:10-%, 0.45 cm ]

[5(0.8¢3) -10-©,0.544 c=m]

23

: 3%

£50%
Factor of 2

£50%

£50%

+50%

+50%
£50%
$50%
$50%

+50%



74

76

77

78

79
80

81

90

91

94

96
98

100
102

104

Meximum mole

Type fraction [or Calibration
Species of data point value] uncertainty
CegH> (hexatriyne) Profile 1.3:10-3, 0.70 cm +50%
GC/MS [ 7-10-4, 0.45 cm ]
CeHy Profile 5.2:10-5, 0.45 cm* +50%
GC/MS [ 4-10-5, 0.45 cm ]
CeHs Profile 1-10-¢%, 0.2 cm Factor of 3
CeHe Profile 4.0-10-5, 0.28 cm* +50%
Benzene GC/MS [ 2-10-5, 0.45 cm ]
3 other CgHg'’s GC/MS [ 8-10-¢, 0.45 cm ]
CesH, and/or CgH10 Point [ €1-10-6, 0.544 =,
CeHs and/or CgH O Point [ $5-10-7, 0.544 cm]
CeHg and/or CgHg0 Point [ s$5-10-8, 0.544 cm]
C,H, (5 species) GC/MS [ 6-10-7, 0.45 cm ]
C,He¢ (12 species) GC/MS [ 4-10-7, 0.45 cm ]
C,H, Point [€1.3:10-¢, 0.395 cm]
C-,H. Point [ 4'10-7, 0.45 com ]
Toluene GC/MS [ 3-10-7, 0.45 cm ]
9 other species GC/MS [ 5-10-8, 0.45 cm ]
Phenol (C¢HsOH) GC/MS [ 7-10-7, 0.45 cm ]
C,H,, or other CcHs0 GC/MS [ 9:10-9, 0.45 cm ]
C,H,» or CgHe0 GC/MS [ 1-10-8, 0.45 cm ]
CeHo Profile 7.4:10-5, 0.68 cm +50%
Octatetrayne GC/MS [ 2-10-5, 0.45 cm ]
CoH, GC/MS [ 7-10-7, 0.45 cm ]
CeHeg Profile 3.3:10-¢, 0.35 cm +50%
Phenylacetylene GC/MS [ 2:10-¢, 0.45 cm ]
13 other mass 102
{CeHg, C,HLO0) GC/MS [ 7-10-7, 0.45 cm ]
C,t, Point [ <2-10-7, 0.395 cm]
Styrene GC/MS [ 4-10-7, 0.45 cm )
16 other mass 104
(CQH., C-,HQO) GC/MS [ 3'10-7, 0.45 ]
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Maximum mole

Type fraction [or Calibration
Mass Species of data point value] uncertainty
106 Ethylbenzene GC/MS [ 3-10-7, 0.45 cm ]
m- and/or p—-Xylene GC/MS [ 4-10-8, 0.45 cm ]
o—-Xylene GC/MS [ 2-10-8, 0.45 cm ]
Benzaldehyde GC/MS [ 4-10-8, 0.45 cm ]
4 more CgqH;,, C-Hg0 GC/MS [ 7-10-8, 0.45 cm ]
108 Benzyl alcohol GC/MS [ 8-10-8, 0.45 cm ]
o~Cresol GC/MS [ 4-10-8, 0.45 cm ]
Other C,;Hg0 GC/MS [ 2-10-8, 0.45 cm ]
112 CoH, GC/MS [ 5-10-8, 0.45 cm ]
114 CgHg (4 species) GC/MS [ 2:10-7, 0.45 cm ]
116 Indene GC/MS [ 1-10-8, 0.45 cm ]
8 more CQHQ, CQH4O GC/MS [ 2’10-7, 0.45 ]
118 ango or CgHeo (5) GC/MS [ 3‘10_8, 0.45 om ]
120 CgH,, or C,Hs0 (3) GC/MS [ 2-10-8, 0.45 cm ]
122 C, ,H, Profile 7.3:10-¢, 0.78 cm £50%
126 C, . He Point [$(1#1)-10-¢,0.395 cm]
Butadiynylbenzene GC/MS [ 2-10-7, 0.45 cm ]
3 diethynylbenzenes GC/MS [ 2:10-7, 0.45 cm ]
Other C, H¢ GC/MS [ 9-10-°, 0.45 cm ]
128 C,  H, Point [4.7-10-7, 0.395 cm]
Naphthalene GC/MS [ 7-10-7, 0.45 cm ]
CioHe or CgH O (8) GC/MS [ 2-10-7, 0.45 cm ]
130 ngH,o or CQHGO (15) GC/MS [ 6'10—7, 0.45 cm ]
132 c‘oﬂgz or CQHQO (3) GC/MS [ 4'10-8, 0.45 com ]
134 Cgongo or CQHGO (1) GC/MS [ 1‘10’8, 0.45 cm ]
136 C,oH;2 or CgHa0 (1) GC/MS [ 11007, 0.45 cm ]
140 C,,H, (4 species) GC/MS [ 1107, 0.45 cm ]
142 2-methylnaphthalene GC/MS [ 8-10-8, 0.45 cm ]
l-methylnaphthalene GC/MS [ 7-10-8, 0.45 cm ]
Other c; 1Hso GC/MS [ 7’10-8, 0.45 com ]
144 01 1H,z or 01°Hgoo (4) GC/MS [ 7'10-7, 0.45 ]
150 C,.He (2 species) GC/MS [ 2-10-8, 0.45 cm )
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Maximum mole

Type fraction [or Calibration

Mass Species of data point value] uncertainty
152 C,; ,He Point [<(5¢5):10-7,0.395 cm]
Acenaphthylene GC/MS [ 4-10-7, 0.45 cm ]
C,2He (2) GC/MS [ 8-:10-8, 0.45 cm ]
154 C,,H,, or C, (HgO (6) GC/MS [ 9-10-8, 0.45 cm ]
156 Cg zle or C“H.O (7) GC/MS [ 5‘10—8, 0.45 m ]
166 c‘ ngo or 012H80 (3) GC/MS [ 6'10-8, 0.45 com ]
178 C14H‘° or C, suso (1) GC/MS [ 1'10-7, 0.45 cm ]
180 0141{12 or 01 3H,0 (4) GC/MS [ 2‘10-8, 0.45 cm ]

¥ Species that had a maximum but also, at a greater distance from
the burner, had a minimum followed by a steady rise to the end of
the measurement region (4.0 cm).
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A(Z)=(1 - 0.116-Z)-1. The flame was sampled with a conical quartz
nozzle of 0.55-mm orifice diameter, 40° tip, and 90° body.

Calibration was direct for H,, CH,, C,H,, CO, 0,, Ar, and CO,;
indirect for H,0 using an O-atom balance in the post-flame gas; and
indirect for minor stable species and free radicals by the method of
relative ionization cross-sections (Lazzara et al., 1973). Experi-
mental uncertainties were nominally $3%, *10%, and $50% for the three
methods, respectively.

The temperature profile was measured using Pt/Pt-13%Rh thermo-
couples coated with BeO-Y,0; (after Kent, 1970). The junction
between the 0.076-mm-diam. wires was butt-welded with no detectable
change in diameter. Temperatures close to and far from the burner
were low enough that the resistive-heating method could be used. At
intermediate positions, temperatures of the unheated thermocouple
were corrected for radiation losses using an emissivity €=0.38
determined from the resistive-heating measurements.

Selected profiles are shown in Section 3.2 where mechanism
predictions are evaluated. The full set of data extends the work of
Bonne et al. (1965) by being sufficiently complete as to allow
calculation of fluxes and reaction rates. In comparison, profiles
for the nine stable species shown by Bonne et al. agree well both in
shape and magnitude with the previous measurements even though the
previous flame was Ar—-free and presumably higher in temperature. (No
temperatures were reported by Bonne et al., but recent temperature
profiles by Delfau and Vovelle (198B4a) suggest a maximum of 2100 K
for Bonne et al., vs. 1900 K here.)

Only three profiles of radical mole fractions were reported in
the previous study (CH;, HCO, and C,H), and all three apparently were
erroneous. Mole fractions in the present study were much lower. The
difference is apparently the result of fragmentation of stable
species in the mass—-spectrometer ionizer in the earlier work, based
on a series of experiments with varied ionizing energies and on the
comments of Homann (1984).

Biordi et al. (1974) and Stepowski et al. (1981) measured the
perturbation of MBMS profiles from true profiles. Except very near

the burner, the perturbation was effectively a shift of approximately
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two nozzle diameters from the burner surface. Accordingly, the data
presented here are translated 1.1 mm toward the burner relative to

the height of probe tip above the burner.

§.3. Critical evaluation of predictions by literature mechanisms

S.3.1. Flame model and mechanisms

The flame code used here is a boundary-value method (Smooke,
1982) which uses the chemical-kinetics subroutine package CHEMKIN
(Kee et al., 1980) and a related transport-properties package (Kee et
al., 1983) which includes both molecular and thermal diffusion.
Experimental profiles of area expansion ratio and temperature were
used in the calculations, leaving reaction kinetics as the focus of
this analysis.

Mechanisms of Miller et al. (1983), Warnatz (1983), Westbrook
(1983), and Westbrook and Dryer (1984) were tested in addition to a
modification of the Warnatz mechanism to make all the reactions
reversible. These will be designated in the discussion and figures
as MMSK, WZ, WB, WD, and WZ’, respectively. The mechanism of Levy et
al. (1983) was not tested because of its limitation to 1 atm pressure
and to temperatures of 1992 to 2126 K.

For all but WZ, the mechanisms have not been tested before for
an acetylene flame at such fuel-rich conditions. Our intent is to
test each mechanism as faithfully as possible to the original
authors’ descriptions. Previous ranges of testing, restrictions, and
the types of adaptations should be noted accordingly:

(1) Mechanism MMSK has been tested for C,H, oxidation in low-
pressure flames (#=0.09 to 1.56) and in shock tubes (Miller et al.,
1983). In developing their mechanism, Miller et al. carefully
examined CH,, C,H, and HCCO reactions. Reactions of alkenes, alkyl
radicals, and alkanes were not included except for CH, and CsH,,
based on the assumption that these species were unimportant to the
overall results at the tested conditions. They expressed fall-off in
a Lindemann form for three reactions, which is fitted here to the
semi-Arrhenius form [ATPexp(-E/RT)] at 2.67 kPa. Rate constants for
reactions in the reverse direction are calculated from thermodynamics

using reversibility.
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(2) The mechanism of Warnatz (WZ) was based on a review of rate
constants for elementary reactions (Warnatz, 1984). It has been
tested against data for fuel-lean and fuel-rich flames and for
shock—-tube experiments (Warnatz et al., 1983). Here, WZ is the form
of the mechanism specified by Warnatz (1983), with reverse reactions
included only for some reactions and their rate constants stated
explicitly. Fall-off curves (Warnatz, 1984) for seven of the
reactions are used here to fit semi-Arrhenius rate constants.
Finally, the rate constant of 3:10!3 cm®mol-1s-! used by Warnatz for
OH + C,H>, (and OH + C¢gH,) was inlerpreted consistently with his
description for C,H, as forming H and a ketene-like species, the
latter being destroyed by "fast reaction" with OH to form H, 2CO, and
C,H, (or C4H,). An extreme value of 1049 cm®mol-1s-! was used for
the second OH reaction.

(3) The WZ mechanism was modified here as WZ’ to include
reverse rate constants from thermodynamics for any two-product
reactions that were not reversible in WZ.

(4) Westbrook, Dryer, and Schug (1983) tested a mechanism for
ethylene oxidation (#=0.125) and pyrolysis at 1-12 atm. All reac-
tions are stated as the high- or low-pressure limit for addition or
pyrolysis, and rate constanits are reported explicitly for forward and
reverse directions. An updated tabulation by Westbrook (1983) is
used here as mechanism WB.

(56) Westbrook and Dryer (1984) compiled 335 rate constants from
the above mechanisms and other data in their recent survey of
combustion chemistry. No tests of this reaction set were presented.
Fall-off is acknowledged but not included in the tabulated values,
and reactions are stated as reversible. Mechanism WD is selected
from this compilation.

Differences in thermodynamic data could make the mechanisms used
here different from the versions of the original authors because rate
constants for the implicitly reversible reactions are calculated
using microscopic reversibility. Where this calculation was made,
thermodynamics were taken from the Sandia compilation (Kee et al.,

1984) with the modifications of AHf,,9s=135 kcal/mol for C,H, 70.4
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kcal/mol for C,H; (McMillen and Golden, 1982), and 4.2 kcal/mol for
HO, (Howard, 1980).

Some species could be predicted but not measured, while others
were measured but are not listed in the mechanisms. As examples, CH,
CH,, and O-atom (obscured at mass 16 by CH,) were too low in concen-
tration to be detected, and profiles for mass 29 and 30 were measured
but HCO/C,Hs and H,CO/C,H¢ were not resolvable. However, no mechan-
isms included C ,H,, C,Hs, Cs species, CgH,, CgHs, CgHg, and C, or
heavier species, which were detected in the flame by MBMS and/or
GC/MS.

Methylene chemistry is especially misunderstood, as no existing
mechanism takes the fundamental distinctions between triplet methyl-
ene (3CH,) and singlet methylene (1CH,) into account. Ground-state
3CH, is quite reactive, but electronically excited !CH, is even more
reactive to many species and can be an appreciable fraction of the
total CH,. Furthermore, 3CH, reacts by abstraction and by radical

addition, while 1CH, inserts into ¢ and » bonds.

S$.3.2. General comparisons

Twenty-five of the measured profiles were used as tests for the
above mechanisms. As observed at other conditions, profile shapes
and magnitudes for major stable species are usually in approximate
agreement with the data (within a factor of two in mole fraction).
The predictions from WZ’ are good or satisfactory for more species
than from MMSK, WB, WD, or WZ, and all of the mechanisms give poor
predictions for some species.

The profile for C,H, (Fig. §.2) illustrates the differences
among predictions. The mole fraction of C,H, at 4 cm was 4.5%
experimentally, while the predictions vary from 2.5 to 9.7%. (For
reference, the data of Bonne et al. (1965) are included.) The
predictions vary from the data by more than this factor of two for
other species, notably for the C;’s. MMSK and WD make predictions
for C;H,, C.H,, and C,H; that are one to two orders of magnitude
higher than the data.
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8.3.3. Analysis of reaction paths

Certain deficiencies in the mechanisms that are especially
important can be identified by analyzing the profiles of H,0, CO,,
C.’s, C,H,, OH, and C,H, (Figs. 8.3 to S$.8), which vary in shape and

in magnitude from the data.

The technique of sensitivity analysis that gave the most insight
will be called reaction—-path analysis. In it, reaction rates for the
predicted profiles are compared in order to identify sources and
sinks for a species of interest. These calculations included (1) the
net rate of species formation for each reaction, (2) the actual rate
of formation or destruction by each forward or reverse step, express-
ed both absolutely and as a fraction of the sum of formation (or
destruction) rates at a position, and (3) the cumulative amount of
formation or destruction, obtained by integrating the product of
reaction rate and A(Z) over distance.

H>20. - The WZ mechanism gave the best predictions of shape and

magnitude for H,0 (Fig. S.3). Reactions involving H,0 in this

mechanisms are dominated by

OH + Hz - Hzo + H [Rl]
H0 + H - OH + H, (R -1)
OH + Csz - Hzo + CZH . [RZJ

H,0 is formed primarily by Rxn. 1.with a small contribution from Rxn.
2. The maximum occurs when destruction by Rxn. -1 balances forma-
tion. Throughout the flame, Rxn. 1/-1 is never predicted to reach
partial equilibrium (net rate less than 5% of the forward or reverse
rate).

Among the other mechanisms, H,0 in WZ’ is slightly less than in
WZ beyond 0.4 cm because the reverse of Rxn. 2 is included, which
then causes 48% of the destruction. MMSK overpredicts H,0 by
overpredicting OH, thus producing H,0 too rapidly to be destroyed.

Overproduction of OH was caused by

CaHg + HCO - C4H2 + OH [R3]
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which is discussed below in more detail.

WB and WD also overpredict H,0. WB underpredicts H because
there is no H-producing CH, + 0, channel, so H,0 is formed but
Rxn. -1 is too slow to destroy it. WD has such a CH, channel, but H
is still underpredicted.

CO2. — The only important destruction reaction for CO, (Fig.

S.4) in the mechanisms is
H + CO, - CO + OH, (R4]

but formation by the reverse reaction is supplemented in all but WB

by one or both of the CH, + 0, reactions:

CHz + 02 had COz + Hz [R5]
CHZ + 02 - CO;_\ + 2H . [RS]

The peak in the CO, predictions of WZ and WZ’ is caused by destlruc-
tion (Rxn. 4) overtaking formation by a combination of Rxns. -4 and
6. WZ’ predicts higher CO, concentration because CH, is slightly
higher than in the WZ case.

Destruction of CO, never exceeds formation in MMSK, WD, or WB,
so no maximum occurs. MMSK and WD use both Rxns. 5 and 6 with
somewhat different rate constants than in WZ and WZ’. The reactions
cause an overproduction of CO, in MMSK but make little CO, in WD
because CH, is higher than in WZ or WZ’ by a factor of ten in MMSK,
while it is lower by the same factor in WD. WB can only produce CO,
by Rxn. 4, causing it to gradually accumulate.

Cz2H2, CaHsz, CaHs, and CaHz. — The large overprediction of C,
species (Fig. S.5) by the MMSK and WD mechanisms affects many other

species, in part by tying up so much carbon. This effect on other

species is not observed in the other mechanisms because WB did not
include any C,’s, while the predictions of WZ and WZ’ for C,H, and
Cs;H, are much lower and closer to the magnitude of the data (C;H, was
not included).

C.H, is produced from C.,H, by OH attack (Rxn. -3) in MMSK and by

an O-atom attack in WD. Because no CsH. destruction reactions are
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included except for the reverse of its formation paths, C;H, builds
up to excessive levels. This blocks the destruction of C(H, in WD
(Fig. S.6) and causes the overproduction of H,0 in MMSK.

Similarly, C:H; and C,H, are produced in MMSK predominantly by

Y

the sequence:

Csz + CH2 - C3H3 + H [R?]
CgHs + H (+ M) - C:!H‘ (+ M) ’ [R8]

but C,H, is not destroyed effectively, causing a build-up of those
species. WD does not include C;H;, but CsH, reaches 0.2% at 0.4 cm
(a reasonable value) and then changes little, in contrast to decaying
by 95% as seen in the data. The dominant C;H, destruction reactions

in WD are:

C3H4 + OH - CzHg + HzCO [Rgl
Cqu + OH - C2H4 + HCO, [RIO]

each with a rate constant of 1.0-10!2 cm3mol-1s-!, but neither
reaction is predicted to destroy C;H, effectively.

OH. - An interesting anomaly in the OH predictions (Fig. S.7) is
a secondary maximum predicted by WZ and WZ’ near the burner.

Formation of OH in WZ and WZ’ is dominated near the burner by:

$

H + HO, 20H, [R11]

but the rate constant for this reaction is not the source of error;
it is approximately the same for all the mechanisms examined.

Instead, it is the CH; destruction reaction:
Csz + Oz ind Csz + HOZ ’ [RIZ]
which is used in all the mechanisms, that generates HO, too rapidly

at low temperatures in WZ and WZ’. Warnatz assumed a barrierless

rate constant, while MMSK, WB, and WD include an activation energy of
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10 kcal/mol. As a consequence, Rxn. 12 is about 3 orders of magni-
tude faster near the burner in WZ and WZ-’.

The absence of this anomaly in MMSK, WB, and WD does not mean
that their rate constant or even the reaction C,H: + 0, is correct.
On the contrary, Slagle et al. (1984) found no HO, in a study of the
elementary reaction at 297-602 K, but the products instead were HCO +
H,CO with a different rate constant than ‘hat used above.

Cz2Hs. - The impact of Rxn. 12 on the predictions is also
apparent in the C,H, profiles (Fig. S.8) from MMSK, WB, WZ, and WZ"’.
C,H; is produced rapidly at the burner by pressure-dependent addition
of H to C,H,, increasing to the high-pressure limit as H diffuses
back to the burner (low temperatures). As distance from the burner
increases, C,H, is predicted to be destroyed rapidly by 0, attack,
while the experimental mole fraction is more nearly constant.

The prediction by WD corresponds much better to the experimental

results. WD includes a pyrolysis reaction:
C3H5 - CzHg + CH3 lR13]

that maintains a higher mole fraction of C,H; beyond 0.57 cm. (The
reverse of this reaction accounts for the low mole fraction of C,H;
near the burner, consuming C,H, more rapidly than it can be produced
by H + C,H,.) The other mechanisms either do not include Cj;’s
heavier than C,H, (MMSK and WB) or do not link the lighter and
heavier C,’s (WZ and WZ’).

The WD rate constant for Rxn. 13 is written as a high-pressure
limit, while QRRK analysis (Sec. S.4) indicates that CH; + C,H; gives
C;Hs at these temperatures. Nevertheless, growth chemistry involving
C; species may be important in determining the concentration of light

hydrocarbon radicals.

S.4. Bimolecular QRRK and its application to combustion chemistry

S.4.1. Principles, equations, and necessary input data

Bimolecular quantum-RRK or QRRK analysis uses a small, readily
available set of input data to predict rate constants for gas-phase

addition and recombination reactions with good accuracy (Dean, 1985;
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Westmoreland et al., in press). It is useful for many importani
reactions that may not appear to be additions at all, but that 
proceed via chemically activated complexes.

The origin of the method is unimolecular rate theory, in’
particular the modification of RRK theory by Kassel (1928) which
recognizes that energy storage in thermal decomposition is quantized
and may be expressed in terms of quanta of size h<y>, where/<v> is a
mean frequency for the molecule. By adding modern understanding of
chemical activation (Robinson and Holbrook, 1972) and of inéfficien—
cies in collisional energy transfer (Troe, 1977), the method becomes
quantitatively useful. /

Consider the case in which reactants R+R’ form an excited adduct
A*, illustrated in Fig. S.9. This process will occur wi?h a rate
constant equal to the high-pressure limit k. for the addition to form
A. However, A* is excited relative to its ground state,(A) by an
amount of energy equal to the energy barrier E_; for redissociation
back to the reactants; that is, the dissociation is chemically
activated rather than thermally activated. If no othe; unimolecular
reactions of A* are possible, the competition between redissociation
and stabilization, due to energy-removing collisions, determines the
fate of A* and the rate constant for R+R’ - A.

However, any unimolecular reaction i of the adduct can occur for
which the amount of chemical-activation energy E exceeds the energy
barrier Ei for the reaction. If the energy remaining in the products
of this chemically activated decomposition is suffiéient, they can
also fragment in similar fashion. Thus, bimolecular reactions of the
form R+R’ - A, P+P’, or even P+P’+P’’ can result from addition.

In QRRK, the energy variable E and the barriers Ei are expressed
in vibrational quanta as r=E/h<v> and m =Ei /h<»>, where <»> is the
geometric mean of the s frequencies of A. The biﬁolecular rate
c&nstant for forming the addition/stabilization product A from R+R’

then is written in terms of the variables in Fig; §.9:

]

= K00 - BZ(M] .
ka/s - E=§-, pZ[M] + k_,(E) + ko(E) , f(E,T) [S.1]
(Fm_,)
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P+P’

Fig. S.9. Energy diagram for addition with a chemically activated
decomposition channel.
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and, for forming the addition/decomposition products P and P’, the

observable rate constant is:

(-]

= Ki,o0 "ko(E) .
ka/d E=ll3:-, BZIM] + k_,(E) + ko(E) f(E,T) . [5.2]
(Fm_y)

Here, Z is a collision—-frequency rate constant, and B is a collision

efficiency calculated from the expression of Troe (1977):

B . —<btEco11>
1= (B)i7z2 = TF(E) -«T [s.3]

where <{AEco11> is the average amount of energy transferred per
collision (a function of the third-body species M), and F(E)=l.15.

The rate constants ki (E) are calculated from:

L (nrm+s-1)!
»i (m-m ) ! (n+s-1)! (s.4]

k (E) = 4

and the quantized chemical—-activation and thermal-activation distri-

butions f(E,T) and K(E,T) are:

£(E,T) = k- (E) K(E,T) [S.5]
)3 k_,(E) -K(E,T)
E=E_.,
(Fm-,)
K(E,T) = (ejh<v>/KT)n.(1 _ e;h(v)/KT)s' ;?:::i;: . (S.6]

Explicit expressions for the low-pressure limits can be easily
derived from Eqs. S.1 and §.2 as [M] - 0. An especially interesting
insight, which extends to RRKM and other analysis methods, is that
fall-off behavior for chemically activated decompositions has the
inverse of the usual concept of fall-off trends. Instead, for these

channels, the rate constant in the low-pressure limit is pressure-
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independent and the high-pressure limit is inversely proportional to
pressure.

Seen in this light, many radical-radical and radical-molecule
reactions which have been measured as having pressure-independent
rate constants can be recognized as chemically activated, addition-—
initiated reactions. Furthermore, all the reactions in combustion
chemistry then can be categorized as metathetical H~atom transfer
(abstraction or disproportionation), as chemically activated bimole-
cular reactions, or as thermal, unimolecular isomerizations. A
dramatic transition becomes possible from current mechanisms - which
are collections of reaction and rate-constant data, categorized by
key reactants - to new mechanisms that make use of the fundamental

differences and similarities among molecular events.

S.4.2. Applications, including H + 02 reactions and benzene formation

The mechanism analysis indicates that all the bimolecular
reactions in combustion cen be categorized either as pressure-
independent H-atom transfers (abstraction or disproportionation) or
as chemically activated association reactions. Because the latter
class of reactions is so widespread, application of bimolecular QRRK
promises to make mechanisms more realistic.

Such rate constants can be estimated with good accuracy from a
small set of readily available data. Specifically, bimolecular QRRK
requires as input only (1) k. data or estimates for the various
steps, (2) s, the number of vibrational degrees of freedca, (3) <v>,
the geometric-mean frequency of the adduct, and (4) collision
properties of the adduct and the third-body species.

In contrast, RRKM theory is even more accurate but requires
complete sets of frequencies, moments of inertia, and barrier heights
for each transition state. While RRKM is potentially more accurate,
the number, availability, and uncertainty of these input data can
restrict its predictive powers, particularly for chemiceally activated
reactions, which can involve numerous transition states for the
decowpositions and isomerizations or the adduct. Not only does
bimnlecular QRRK require fewer input data, but effects of uncertain-

ties are readily apparent.
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ORRK calculations were tested successfully against data and used
to extrapolate and predict rate constants. Rate constants predicted
here for reactions of aliphatic species are listed in Table S§.2 for
conditions of the present flame. Three-constant, modified Arrhenius
expressions were generally required to fit the data because of
non-Arrhenius behavior.

Particularly noteworthy are the predictions for 3CH, and 1CH,
reactions, which compare well with the very limited data for kinetics
of these species. Ground-state 3CH, undergoes free-radical addition
and combination reactions, while the low-lying 1CH, inserts into o
and = bonds. Both of these types of reactions are chemically
activated and thus well-suited to analysis by bimolecular QRRK
analysis.

H + 0, reactions and benzene formation are good examples of the

method and its usefulness.
Prediction of H + O2 = HO> = O + OH rate constants. — The

reaction H + O, -+ O + OH is the principal chain-branching reaction in
combustion, and it causes most of the destruction of 0,. The reverse
reaction of O+OH - H+0, is also important. At low temperatures H+O.
forms HO,, in effect a chain-terminating step because it scavenges H
atom and replaces it by less reactive HO,. Experimentally, the first
two reactions have pressure-independent rate constants, while
formation of HO, is pressure-dependent.

In fact, rate constants can be predicted for all these reactions
by recognizing that they are all based on chesically activated HO,*.
Figure S.;O illustrates this concept and shows the major input
parameters needed for the calculation.

The first type of input data are kinetic parameters. For 0 + OH
-+ HO,, ko was estimated as 2.0:1013 cm®mol-1s-! by modifying an
estimation method (Benson, 1983) for recombination of alkyl radicals
and using geometrically estimated steric factors B. The ko for H +
0, - HO, was taken from Cobos et al. (1985a), and Arrhenius parame-
ters for the reverse reactions were calculated using equilibrium
constants at 298 K. All thermodynamic data were taken from the JANAF
tables (Stull et al., 1971) except for AHf,298(HO,) = 10.5 kJ/mol
(2.5 kcal/mol) (Howard, 1980).
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Table S.2. Rate constants (cm®mol-1s-1) for reactions of aliphatic
species, CO, and CO, calculated by QRRK methods for 400-1800 X, M=CO,
and 2.67 kPa (20 torr).

Max. 1log;o
Reaction Predicted rate constant devn k(1500)
H+CgH, - C.Hjs 3.89-1021T-3. 66exp(+0.20/RT) 9% 10.00
CH+3CH, - C,H, 3.09:1014T-1-98exp(-0.62/RT) 1.5% 8.11
- H+CoH, 2.50-1022T7-3-68exp(—4.19/RT) 15% 13.11

- 2H+C.H 5.49-1022T-2-41exp(-11.52/RT) 4x 13.41

H+C,Hy, -~ C.H, 5.62-1029T-5- 54 exp(—4.35/RT) 9% 11.54
~ CoHo+H, 3.70-1012T-°-55exp(+0.04/RT) 3% 13.69
H,+C,H, - CoH, 2.86-1029T-5- 24exp(—52.6/RT) 21 5.18
- CHs+H 4.02-1015T-°-56exp(—65.8/RT) 3% 4.26
3CH,+3CH, - C.H, 1.11-1020T-3.423exp(~2.07/RT) 5% 8.86
- CoH +H 4.02-1014T-0.47exp(-0.48/RT) 1.5% 13.06

-~ C,Hy+H 7.12:1021T-3.80exp(-2.46/RT) 5% 9.11

- CoH,+2H 4.97-1012T+0.29%exp(+0.15/RT) 0.5% 13.30

H+CH, - C.H4 1.99-10%17-8.78exp(-11.70/RT) 15% 11.78
SCH,+CH; - C.Hg 2.53-10207-3.49exp(~2.03/RT) 4 9.02
- CH +H 4.2-1013 2% 13.62

I1CH,+CH, ~ C.H, 1.11-1029T-3.20exp(-1.78/RT) 4% 8.63
- CoH+H 4.94-1013T-0.076exp(—-0.094/RT) 1% 13.60

- 3CH,+CH, 6.82-10-8T*5- 71 exp(+4.20/RT) 7% 11.60

0+CO - CO. 1.31-1021T-3.85exp(—-4.95/RT) 3 8.18
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Fig. S.10. Energy diagram for reactions of activated HO,.
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Certain properties of the adduct and the third-body gas are also
required. The geometric mean frequency <w> for HO, is calculated as
1734 cm~! (frequencies from Stull et al., 1971) with s=3 oscillators.
Collision properties for HO, and the third-body gases were taken from
Kee et al. (1983). Finally, <AEco11> of M=H, and Ar were taken from
a review of the literature to be 2.1 and 3.6 kJ/mol (610 and 740
cal/mol), respectively.

For the fall-off curve for H + 0, - HO, and for ko of H+ 0, + M
- HO, + M, M=H, (Figs. S.1la and b), agreement with the data is
excellent. Agreement with the pronounced non—-Arrhenius behavior in
Fig. S.11b is particularly remarkable. For comparison, prediction of
the fall-off curve is also shown for Troe’s formalism, a more
parameter-rich predictive method.

Rate constants for the chain-branching reaction H + O, - O + OH
(Fig. S.12) are slightly higher than the data, but their temperature
dependence is correct. At elevated pressures, this reaction would
also be pressure-dependent, but at 100 kPa (1 atm), it is in a
pressure—independent low-pressure limit. The predicted curve of
bimolecular rate constants is also shown for H + O, - HO, at 1 atm.
The dominant product channel changes from HO, to O + OH at about 1000
K, accounting for the shift in importance of the two channels in
combustion chemistry.

Finally, predictions for the chemically activated addition/
decomposition reaction O + OH - H + 0, are shown in Fig. S§.13.
Agreement with the data is quite good. A slight decrease with
increasing temperature is shown in one of the data sets and also in
the prediction. This was the only rate constant that was sensitive
to the estimated ko (0O + OH - HO,), and the values of the two rate
constants are directly proportional.

Benzene formation. — Benzene can be formed from smaller,

nonaromatic hydrocarbons in flames and in cracking processes, but the
chemical mechanism for its formation has remained elusive. This
issue is significant for combustion because'polycyclic aromatic
hydrocarbons and soot, both undesirable pollutants, probably grow

from single aromatic rings. In contrast, ethylene production can
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Fig. S.11. Rate constants for H+0, - HO,: (a) p_redicted fall-off

curve ( ) of the bimolecular rate constant with pressure at
298 K (M=Ar) compared to measurements (®) and to correlation by
Troe’s formalism (— — —) (Cobos et al., 1985a); (b) Arrhenius
plot of the predicted low-pressure limit ( ) for M=H,
compared with literature data (- - -, .-+, O, and ®) and recom-
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make benzene and other aromatics as valuable by-products, particular-
ly from C, and heavier feedstocks.

The present study provides a powerful means of testing chemical
mechanisms of benzene formation. Measured mole fractions and
temperatures from the C,H, flame are combined with estimated rate
constants, giving rates of benzene formation. These predictions are
then compared to formation rates deduced from the data, an approach
that has been used previously (Cole et al., 1984). However, when
fall-off effects on the addition reactions are properly taken into
account using bimolecular QRRK, all previous mechanisms fail because
the initial, thermalized adduct is formed too slowly.

The results are explained instead by chemically activated
reactions that form the aromatic ring directly. Reactants 1-C Hs,
1-C.H:, and C,H,, which have been proposed before (Cole et al., 1984;
Frenklach et al., 1985), account for the rate of benzene formation,
but reaction proceeds through excited intermediates rather than
through a sequence of thermalized intermediates. This is a funda-
mental change in our understanding of benzene formation because
thermalized species can be attacked and destroyed by bimolecular
reactions, while the chemically activated species forms the aromatic
ring too fast for bimolecular collisions to take place. '

The reactions are initiated by additions of 1-C(Hs and 1-C ,H; to
C>H,. Rather than forming linear, aliphatic adducts &-Cg¢H, and
i—-CgHs in their ground vibrational states, the aliphatic adducts are
excited species 2-CgH,* and 2-CgHs* that rapidly isomerize to excited
ring compounds c-CgH,* and c-CgHs*. These intermediates undergo
chemically activated decomposition or collision stabilization to
benzene and phenyl, respectively. An energy diagram for 1-CHs +
C,H, is shown in Fig. §.14, illustrating this description, and the
QRRK input parameters for 1-C(Hs + C,H, and 1-C(H; + C,H, are shown
in Tables S.3 and S.4.

The QRRK calculation at 2.67 kPa (M=Ar) leads to rate constants
for each of the product channels resulting from 1-C Hs + C,H»

(Fig. S.15) and from 1-C,Hs + C,H, (Fig. S.16). At the temperatures
of 1100 to 1600 K, where the net rate of benzene formation is

greatest, the rate constants for direct formation of benzene + H and
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Table S.3. Parameters needed for bimolecular QRRK calculations for
1-C,Hs + C,H, reactions via the chemically activated intermediates
—CeHo* and c—CegHy* (mol, cm, s, kcal units).

Parameter description Parameter value Source
- Kinetic parameters -
1-CHg + C2H, = 2CgHy ko (300-1500 K)= k(400 K)=1011-.2
(:=—=—<) 2.8:102T2-9%exp(-1.4/RT) exp(-3.5/RT) by
cmimol-1g-1 Cole et al.(1984)
=7.2:1012exp(-10.0/RT) and <ACV $>=3.75
at 1500 K cal/mol ‘K from

Benson and
Weissman (1984)

#—CegH; - 1C,Hs + CoH, A~3.6:1014 -1 Microscopic
E.46.1 kcal/mol reversibility
!-CGHS + H -~ !-CGH-y Aoq=1.6'1012 cm®mol-1s-1 Aoq/4 for H + ==
(m—=—) (=—<—c) Eo1.0 kcal/mol Ew for H + =—=
+—CelHy = #CglHeg + H A4 -1012 g-1 Microscopic
E.=36.7 kcal/mol reversibility
tCcH, =~ c—CgH~ A=1.7-1012 g-1 (1500K) Estimate by thermo-
chemical kinetics
E.=7 kcal/mol Estimate as Eact
for radical
addition®
cCcHy; = CgH- AF1.0-1014 g-1 Microscopic
E.=53.2 kcal/mol® reversibility
H + Benzene = c—CgH, Ac4-10'3 cmPmol-ls-! Nicovich and
Eo4.3 kcal/mol Ravishankara
(1984)

cCgH, = H + Benzene A~2-:1033 g-1 (550 K) Tsang (1986)
E.~26.0 kcal/mol

-Properties of 8—CgH, and c—CgH, -

Number of vibrational

degrees of freedom (s): 33 3:(13 atoms)-6
Geometric—mean

frequencies <»)>:

$+CeHo 1050 cm—? From estimated
frequencies
cCgH~, 1070 cm™1 From estimated
frequencies
Molecular weight 79.11 g/g—mol -
Lennard-Jones well depth
€/K and diameter o 412.3 K, 5.349 & Same as benzene

(Reid et al.,1977)

& Based on Kerr and Moss (1981).
b Using AH?,294=50.0 kcal/mol (Tsang, 1986).
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Table S.4. Parameters needed for bimolecflar QRRK calculations for
1-C,H; + C,H, reactions via the chemicallﬁ activated intermediates

i-CcHs* and c-CgHs* (mol, cm, s, kcal units).

l

Parameter description Parameter value .

Source

- Kinetic parameters —
1‘C4H3 + Csz ind !"CGH5 km(300-1500 K)= \
(+=—=—=) 2.8-102T2-%exp(-1.4/RT)
cmimol-1g-1! 1
=7.2:10'2exp(-10. 0/RT)
at 1500 K
Q-CGH_r, i l"ana + Csz A°¢3=5-5'l0]‘4 s-1
E.~45.8 kcal/molﬁ

at 1500 K \

2"CsH4 + H - 2“05!‘15 Aw=3.2'1012 Cm3m(ﬂl-ls-1
==—=) (+=—=—=a) Eos=1.0 kcal/mol \
Q—CsHs - -CgH,4 + H Aoq=8'1012 s-1 \
Ex=36.7 kcal/mol |

8~-CgHs - Phenyl A4 -1010 s=1 (1500 K)

E=7 kcal/mol i

Phenyl -~ $-CgHs Ar1.2-1014 -1 |
Ee=70.9 kcal/mol 1

H+Benzyne - Phenyl Ao6.5:1012 cmimol-1s-!
Ex=2.0 kcal/mol |

Phenyl - H+Benzyne Aoc3.9-1023 g-12 \

E.~87.5 kcal/mol

-Properties of %-CgHs and phenyl -
Number of vibrational

degrees of freedom (s): 27
Geometric—-mean

frequencies <v>:

i-CeHs 990 cm!

Phenyl 1180 cm-!?
Molecular weight 77.11 g/g-mol
Lennard-Jones well depth

€¢/K and diameter o 412.3 K, 5.349 &
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Estimate for
1“C4H5 + Csz
- CsH7

Microscopic
reversibility

0.5:A for H + =—=
Ew for H + ==
Microscopic
reversibility
Estimate, thermo-
chemical kinetics
Estimate as Eact
for radical
addition
Microscopic
reversibility
Estimate from k
of H+ —& - —%
Microscopic
reversibility

3-(11 atoms)-6

From estimated
frequencies
From Burcat (1984)

Same as benzene
(Reid et al.,1977)
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Fig. S.15. Predicted rate constants for 1-C,Hs + C-H-.
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of phenyl are highest. For 1-C(Hs + C,H,, chemically activated

decompositions to #-C¢H, and benzyne begin to dominate at higher

ﬁemperatures. The rate constants to aromatics are very similar at

100 kPa (1 atm) except that the transitions to #-C¢H, and benzyne
‘begin at slightly higher temperatures.
Finally, the predictions for formation of the single-ring

"aromatic products are compared to the net rate of benzene formation

Within the uncertainty of the data, both channels may

in Fig. S.17.
All

' be considered to be involved in benzene formation in this flame.

. of the other chemically activated or thermal pathways proved to be

too slow.

S.5. Conclusions
Based on the data and modeling, it can be concluded that:

(1) Literature mechanisms for less fuel-rich conditions
predicted mole fractions fairly well (a factor of two) for major

species at sooting conditions, but for hydrocarbon radicals,

they show serious deficiencies. These failures prevent the

predictions of important features like formation of aromatics.
(2) The key cause is a lack of rate and product data for
reactions that are crucial to such predictions.

(3)

ing rate constants and branching for many of these reactions.
(4) Analyses of rate constants by QRRK leads to the insight
that all the reactions in combustion chemistry can be categoriz-

Bimolecular QRRK is a practical, accurate tool for estimat-

ed as metathetical H-atom transfer (abstraction or dispropor—
tionation), as chemically activated bimolecular reactions, or as

thermal, unimolecular isomerizations.

Critical evaluation of mechanisms. - Specific conclusions from

testing the mechanisms are:
(1) Elementary reactions that are reversible should be included

with rate constants for both forward and reverse directions if
the mechanism is to be used generally, even if the predictions
at a given condition are insensitive to a particular direction.
(2) CH, chemistry is very important to the predictions, but
there is no distinction made between singlet and triplet CH, in
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the mechanisms, despite the presence of each and their greatly
differing reactivities.
(3) H.0 and CO, predictions are strongly affected by the
product branching and rates of CH, + 0, and of C,H, + OH, but
only two mechanisms (WZ and WZ’) predict shape and magnitude
well for both species.
(4) The absence of destruction kinetics for C, species in two
mechanisms (MMSK and WD) leads to a misprediction that these
species would be formed in quantities much greater than is
observed, which makes them unrealistically large sinks for
carbon and impairs predictions for other species in the affected
mechanisms.
(5) Peculiarities in the OH prediction are caused by differ—
ences in C,H; + 0, activation energies, but recent measurements
indicate that the rate constant and ever the products of the
reaction are drastically different (- HCO + H,CO) from those
used in existing mechanisms (-~ C,H, + HO,).
(6) C,H; is largely determined by its reaction with 0, and, in
one mechanism (WD), by the inclusion of a C;Hg = C,H; + CH;
reaction which is assumed to be in the high-pressure limit.
Prediction of rate constants by bimolecular QRRK. - This method
is a practical tool for the modéler and a valuable supplement to RRKM
theory. The reason is that the key input data are high-pressure-
limit Arrhenius parameters A, and Eact ,5 for each bimolecular and

unimolecular step involved, which are generally available from

exper*mental data or which can be estimated by thermochemical
kinetics. Specific results and conclusions are:
(1) Bimolecular QRRK accurately pfedicts rate constants for
chemically activated reactions inclﬁding pressure dependence,
low~pressure limits for addition/stabilization reactions, and
non—-Arrhenius temperature dependencés.
(2) Chenically activated decomposition is shown as outgrowth of
the QRRK equations to have the inverée'of classical fall-off
behavior. Its bimolecular rate consiants are pressure—indepen-
dent at low pressure rather than higﬁ pressure, a prediction

that is supported by the products and rate constants of many
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radical-radical reactions. Also, at high pressure, these rate
constants are predicted to be inversely proportional to pres-
sure.

(4) The reactions of "CH,", which were shown by testing
mechanisms to be of great importance, can be analyzed by using
bimolecular QRRK for the distinctly different reactions of the
electronic ground-state 3CH, and for the low-lying electronic
state 1CH,.

(5) The reactions of H + 0, are shown to be classical cases of
chemical activation, leading to HO, by addition/stabilization
and to O + OH by addition/decomposition, and rate constants for
these reactions and for O + OH - H + 0, are predicted well.

Benzene formation. - Calculations of rate constants for 1-C(H:

and 1-C(Hs + C,H, show that simple addition to make linear adducts is
too slow to account for the rate of benzene formation. Instead,
benzene formation is described well by chemically activated addition/
isomerization of these reactants, which leads directly to aromatic
products without forming thermalized intermediates that could be
destroyed before leading to aromatics.

Types of combustion reactions. — From the above conclusions, it

follows that all reactions in combustion chemistry can be categorized
as metathetical H-atom transfer, as chemically activated, addition-
initiated reactions, or as thermal isomerizations. The widespread
occurrence of chemically activated reactions has not been recognized,
probably because the inverse pressure dependence of chemically
activated decompositions has not been recognized.

By eiamining the Warnatz mechanism, it was shown that all of the
oxidation and molecular-weight-growth reactions are of this type.
This breakdown is more than just a descriptive tool, then, but a
means of insight to the fundamental differences and similarities

among chemical reactions in combustion.

S.6. Recommendations for continued research

Further data are necessary to understand fuel-rich combustion,
and bimolecular QRRK should be applied to estimate rate constants

where no data are available or where extrapolation from low tempera-
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tures or differenti pressures is required. Sensitivity analyses must
identify whether these reactions are important. Specifically:
(1) The destruction kinetics of C;H,, C,H>, and of the radicals
"CH," (3CH, and 1CH,), C,Ha, CoH,, and C;H, should be estimated
by using bimolecular QRRK, rationalizing data that exist for
these reactions and anticipating better experimental data.
(2) Combustion kinetics for hydrocarbons heavier than C,’s,
including formation and destruction of polycyclic aromatics, are
largely unexplored but should be addressed using these data and
predictive methods.
(3) 1In particular, sources of C, species that lead to benzene
formation are not understood, but unimolecular and bimolecular
QRRK again should be used to investigate such reactions.
(4) QRRK methods also should be applied to other systems as
diverse as NOx chemistry, nitrogen fixation, chemi-ionization,
ion-molecule reactions, and plasma chemistry.
(6) Data on pure fuels C,H,, C,Hg, CsHg, C3Hg, toluene, and on
mixtures will yield data that are sensitive to different

reactions, allowing improvement of mechanisms.
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CHAPTER 1. INTRODUCTION

I.1. Overview

It has become possible to pick apart the detailed chemistry of
combustion for some gaseous fuels under certain conditions. That is,
nmany of the molecular events can be described mathematically -
molecular collisions that result in reaction, transfer of thermal and
mechanical energy, and different rates of movement among different
molecules. These descriptions of reaction rates and of heat, mass,
and momentum transfer can be combined in detailed and increasingly
accurate models.

Using these models, histories can be predicted for the destruc-
tion and formation of fuel, oxygen, reaction intermediates, and
ultimate products of the combustion. The successes of these models -
and at some level, the origins of the models - must be determined by
tests against experimental data.

This study of acetylene combustien includes both the detailed
experimental measurements of concentrations and temperature in a
laboratory flame and the use of those data as exacting tests for
models of chemical kinetics. Before presenting the research and its

results, context and potential usefulness of the work should be

described.

I.2. Combustion as science and as technology
To be able to understand and to predict such complex natural

behavior is a significant scientific goal, but combustion is, first
of all, one of the oldest of industrial technologies. Its complexity
is not a subtle thing, but rather it was obvious to the earliest
"technologists.” Starting a fire, keeping it burning, and keeping it
under control have been problems since before history began.

Some of the problems are linked to the physical phenomena of
mixing fuel and air, retaining enough heat to maintain the fire and
releasing (and capturing) enough heat or light to make it useful.
Nevertheless, the burning itself is a chemical phenomenon, and the
interplay between chemistry and physics make the field interesting to

the scientist and the engineer.

N
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For the scientist, the details of the burning process are of
interest in themselves and because of their relationships to other
systems. As an example, ignition and extinction are classic demon—
strations of transitions between multiple steady states. Also, a
broad variety of free radicals is produced, taking part in intricate
networks of chain reactions. The relative importance of different
parts of these mechanisms changes dramatically as the proportions of
fuel and air change, as temperature changes, and, in some cases, as
pressure changes.

Fire is much easier to use than to understand. 1In particular,
it is not necessary to understand the chemistry of combustion to be
able to put combustion to work. Throughout the history of industrial
civilization, it has been the principal method of generating energy
for work and for heat. The familiarity of the candle, the fireplace,
the automobile, the jumbo jet, the home furnace, and the electricity-
generation plant leave the details of the energy—conversion process
to be taken for granted.

In many cases, the chemistry has been assumed to be instantan-
eous or irrelevant. Sometimes that assumption has been forced
because the details of the chemistry were unknown or because the
complexity of the modeling make it intractable. Frequently, though,
the high speed of combustion kinetics can make chemistry a minor
aspect relative to the technical issues of mixing fuel and air
effectively or recovering energy efficiently by gas expansion or by
heat transfer. As a result, to a large extent combustion technology
has been perceived as a mechanical-engineering problem in the past.

However, understanding chemistry may be important for efficient
uses of the technology. Combustion may involve a fuel that must be
destroyed, as in incineration of hazardous wastes. Even from
innocuous fuels, pellutant byproducts may be produced. Also,
mechanical aspects of the process may be affected by chemical
complications, such as engine knock or soot formation. Soot is
undesirable as an emission, but it is a necessity if heat is to be
recovered by radiative heat transfer. (It even may be the reason for

the process, as in the production of carbon black.)
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I.3. Recent progress in combustion chemistry

Identification of the key reactions, reactants, and reaction
rates in combustion would make it possible to control or avert
undesirable aspects, as well as to bring about desirable features.
During recent years, combustion chemistry has become a research area
of vigorous activity, in part because of new tools for the research-
er. Improved data on kinetics of elementary reactions have appeared
because of advances in theoretical interpretation and in experimental
methods. Many of the new experiments depend on laser chemistry and
on computerized data acquisition. New mathematical methods and more
powerful computers have also become available to attack th; problemn.

As a result, mechanistic modeling of the combustion of some
simple hydrocarbons has been attempted in the last five years. The
tested fuels have included H,, CO, CH,, C,H,, and C,Hg at fuel-lean,
stoichiometric, and slightly fuel-rich conditions. The models have
been applied to shock-tube conditions and to laminar premixed flames,
either freely propagating flames or burner-stabilized flat flames.

For flat-flame data, several computer programs are now available
that accept a given mechanism and predicted concentration profiles.
Different mathematical methods are used, but for an accurate mechan-
isms, a method’s accuracy is affected most by its level of sophisti-
cation in accounting for realistic heat losses and transport proper-
ties. Previous studies demonstrated that satisfactory predictions
can be obtained by using measured temperature profiles and transport
properties calculated from kinetic theory. '

Detailed mechanisms from several different groups of researchers
have been successful in modeling various conditions; see, for
example, the Nineteenth Symposium LInternationalj on Combustion,
1981. Hydrocarbon mechanisms have included 123-200 reactions to

predict either single properties of these flames, such as burning
velocity, or concentration profiles of a few species.

Modeling very fuel-rich flames generally has been avoided,
largely because the formation and destruction of high-molecular-
weight species is so poorly understood. As a consequence, only two
species of molecular weight greater than C(H; (C,Hg and CgH,) are
included in any of the flame mechanisms in the literature.
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No mechanisms have been tested against a complete set of mole
fractions for radical and stable species. Admittedly, few flames
have been analyzed experimentally in such great detail, but compari-
sons with such data would permit better assessment of the components
of the mechanisms. Combined with sensitivity analysis of the
mechanisms’ predictions, detailed tests against experimental data

would improve the use of the mechanisms in modeling more complex

systems.

1.4. Goals of this research
In this dissertation, the driving force is a desire to under-—

stand how the formation, growth, and destruction reactions of flame
intermediates occur in fuel-rich combustion. Ideally, those reac-
tions ultimately might be understood which lead to soot and to
polynuclear aromatics.

An appropriate place to begin is the study of acetylene.
Whether aliphatic or aromatic fuels are burned, acetylene is formed
as the predominant hydrocarbon when a sooting condition is approached
and achieved. By making measurements in a flat flame of acetylene
and oxygen that is just sooting and by comparing these data to
mechanistic predictions, the insights obtained are basic to the
understanding of fuel-rich combustion.

Concentrations of stable species and free radicals are obtained
from the flame in this study by molecular-beam mass spectrometry.
With temperature measurements and sufficiently detailed data, net
reaction rates can be calculated for each species as demonstrated by
Bittner (1981).

Reaction kinetics can be quantitatively tested using these mole
fractions and rates. One way is shown by Cole (1982), who compared
the rate data to rates predicted from measured concentrations and
rate constants.

The data also can be applied as a powerful test of the reaction
networks. Only one mechanism has been tested at such fuel-rich
conditions, and none has been tested against such detailed data. The
questions that are addressed are not onlv how well the mechanisms

worked, but also which reactions or rate constants cause poor
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predictions. This research then has been the first attempt to
critically evaluate the four major mechanisms which have been
proposed.

Because important uncertainties were found, it was necessary to
estimate rate constants. Chemically activated reactions proved to be
the key problem area, but the rate constants and branching of thesa
reactions, which are inherently pressure-dependent, can be analyzed
by a newly revived technique, Bimolecular QRRK. Both pyrolysis (C/H)
and oxidation (C/H/0) reactions were tested. The mechanism of
benzene formation had been unresolved, but it too could be analyzed

by this method.

1.5. Summary of the experimental approach

The experimental data are central to the analysis and modeling
segment of this research, so it is necessary to describe briefly the
nature of the data and the chosen flame conditions.

The flat flame is especially suitable for laboratory study
because concentrations and temperatures vary only with the distance
from the burner surface; radial gradients are negligible in the core
of the flame, and the flame properties do not vary with time if the
pressure and flows of gases are steady. By operating the flame in a
vacuum chamber, the thickness of the flame is expanded to give good
spatial resolution.

The principal technique for measuring concentrations in the
flame is molecular-beam sampling from the premixed, laminar flame
into a mass spectrometer. Using molecular-beam mass spectrometry,
concentrations of both stable species and free radicals were measur-
ed. A supersonic expansion of the sampled gases cools the molecules,
and near—collisionless flow permits them to pass unreacted into the
mass spectrometer. Pulse-counting techniques improved the lower
limits of detection to 0.1 ppm for some species.

These data are supplemented by thermccouple data and by probe
sampling for gas chromatography/mass spectrometry (GC/MS). The probe
samples were collected by adsorption onto polymeric beads (XAD-2),
extracted with methylene chloride, and analyzed for C¢ and heavier
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species by gas chromatography with a flame ionization detector or
mass—spectrometric detection.

Net reaction rates can be determined for each species at each
position in the flame if a sufficiently large number of precise
concentration data were measured. From velocity and concentration,
the convective flux is calculated. From temperature and concentra-
tion, mixture diffusion coefficients are calculated and used with the
concentration gradients to calculate the diffusive flux. Flux due to
thermal diffusion can contribute, and it also can be calculated from
the data. The net reaction rate then is calculated from the slope of
the total flux curve.

Bonne, Homann, and Wagner (1965) made limited measurements in
a lightly sooting acetylenz flame. A mixture of 49% C,H, and 51% O,
(fuel equivalence ratio 2.38) introduced at 50 cm/s was burned at
2.67 kPa (20 torr). Over a range of 0 to 5.5 cm from the burner
surface, five to 15 data points of mole fraction were reported for
each of 13 stable species and two free radicals, and 16 other
species were also detected.

In the present research, a similar flame containing 5% argon was
selected. The same C,H,/0, ratio, burner velocity, and pressure were
used. Although flame temperature is lowered slightly relative to
Bonne et al. by the addition of Ar, the shapes and magnitudes of the
concentration profiles are similar, allowing limited comparison

between the sets of data.
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CHAPTER II. LITERATURE ON STUDY OF FLAT FLAMES BY MBMS
\

{
|

II.1. Flat flames |

The flat flame is a one-dimensional, laminaripremixed flame thet
is well-suited for laboratory study of combustion chemistry.
Scientific literature on the utility, development,xand mathematical
description of flat flames is discussed briefly in this section
(Ch. I1I.1). In Ch. II1.2, application of moleculaeream mass spectro-
metry (MBMS) to flat flames is discussed.

Measurements of temperature and concentration in a flat flame
are useful for understanding the physical and chemical processes of
combusticn, qualitatively end quantitatively. Morelinportantly, only
laminar flow phenomena and reaction are present, so the flame can be
modeled using simple equations of motion. This feature has made it
possible in recent years to begin testing entire mechanisms of
reactions with flat—flame deata. '

Experimental description. — Fuel and oxidant are mixed and then:

flow through channels or pores in a cooled flameholder. The combust-
ible mixture is ignited, and the resulting flame initially propagates
toward the source of the fuel-air mix. A steady-state is quickly
established, however, because the large conduciive heaf loss to the
cooled burner arrests the propagation through space iwhile the
incoming gases continue to feed the flame. By maintaining stable
flows and uniform cooling of the burner face, a flame is created that
is quite reproducible and iime-invariant in the continuum. The
thickness of the flame is inversely proportional to pressure, so
low-pressure conditions are often chosen to improve spatial resolu-
tion of samples and optical measurements.

Stability is key among the favorable properties of this flame.
Because the flame is time-stable and spatially one—dimengional,
changes in its properties can be followed as a function o? that one
coordinate. Its laminar flow allows classical one-dimensional flow
equations to describe it well by using only convection, diffusion,
and reaction terms. Being premixed and strongly burner-stabilized,
the flame can tolerate the physical intrusion of probes much better

than can diffusion flames. \
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Origins. — The experimental method dates from 1949 when the
Powling-Egerton burner was developed to measure flame velocities and
fiammability limits (Powling, 1949; Egerton and Thabat, 1952). This
burner was constructed by winding a corrugated metal strip into a
6-cm—diam cylinder, forming 4000 channels with cross—sections of 0.65
mm2. Open flow channels are useful when seeding of the flame is
required, as for Na d-line temperature measurements (Taylor, 1984),
and in sooting flames that form burner deposits (Bittner, 1981; this
work).

Botha and Spalding (1952) developed an alternative design using
sintered-bronze disks, soldered to a water jacket. Kaskan (1957)
refined the cooling by imbedding a cooling coil in the burner,
originally using copper pellets covered with a fine brass filter.
Present designs combine these designs, fabricating the flameholder by
sintering bronze with an imbedded cooling coil and cooling the
periphery of this cylinder as well.

Flame equations of Fristrom and Westenberg. — The flow equation

for the flame that results from such an experiment can be described
by the equations for one-dimensional cylindrical flow (Bird et al.,
1960). The flow cross—sectional area expands slightly, though not

enough to interfere with the effective one-dimensionality. Taking

this area expansion into account, Fristom and Westenberg (1965)

express the flame equations as an equation of motion for species 1i:

= 4
KiA 4 [FiA] [1I.1]
and a flux equation
Fi = X P (v + Vi) A [11.2]

where
Ki is the net molar rate of formation of species i;
A 1is the area—-expansion ratio, a function of z;
is the distance from the burner;

Fi is the net molar flux of ji;
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xi is the mole fraction of i;
pn is the molar density (total concentration);
v is the mass-average convection velocity; and
Vi is the diffusion velocity of 1.
The area expansion ratio is measured either from the observed flow

cross—sections S or from non-flame experiments using

S (pv)
Az) = —2— = (Pv)o [11.3]
0 z

where p is mass density and the subscript 0 refers to the burner
surface. Diffusior velocity Vi was defined, in the absence of

thermal diffusion, as

Di mix dxi
V. = - 2 [II.4]

where Di ,mix is the molecular diffusivity of species i in the
mixture.

Analysis of fluxes and reaction rates by these equations then
requires data on mole fractions xi (z), temperature T(z), and area
expansion ratio A(z). An energy equation corresponding to the
equations of motion may also be written and used, but normally a
measured temperature profile is used because of ill-defined heat
losses to the burner and surroundings.

First, the diffusion velocity Vi is calculated from the diffu-
sivity, the mole fractions, and the slopes of the mole fraction
curves by using Eq. I1.4. Mixture diffusivity Di ,mix is calculated
from binary diffusivities Di ,; by some mixing rule, and Di ,;’s are
calculated from molecular theory. [In analyzing the present data,
Di ,; is calculated from temperature and Lennard-Jones parameters (Kee
et al, 1983) using the expression of Fristrom and Westenberg (1965),
and D;i ,mix is calculated by the Wilke rule (Fairbanks and Wilke,
1850).]

Next, the molar fluxes Fi are calculated from Eq. II.2 using Vi
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and v. Convective velocity v is calculated by rewriting Eq. II.3,

assuming ideal gas behavior, as

(pv)
. 0 [1I1.5]
A () 12 (x;M,)

Reaction rates Ki follow directly from the fluxes by using Eq. II.l.
Fristrom and Westenberg (1965) recommend checking the data and
this analysis by calculating mass flux balances for the elements and

the total mass flux. The reasoning is that frequently some mole

fraction in the flame is calculated by difference, so mass balances

are not useful.

I1.2. Molecular-beam mass spectrometry (MBMS)

MBMS is one of several methods for measuring concentrations in

flat flames, but it is unique in its potential to measure a wide
diversity of species, notably including free radicals. Microprobe
sampling (Fristrom and Westenberg, 1965), followed by gas chromato-

graphy, can be used to measure profiles of many species, but it is

restricted to stable species. 1In contrast, spectroscopic methods

based on emission or absorption can detect stable species and free

radicals, but fewer species can be analyzed in a given flame because

different species require different methods.
Components. — In MBMS, molecular-beam sampling is used to
obtain a sample from the flame and to introduce it into the ionizer
of a mass spectrometer, maintaining collisionless flow. An orifice
of 0.1 to 1 mm diameter is the source of the beam, and it is located
in a probe tip protruding into the flame so that the convective,
diffusive, and temperature fields will be perturbed as little as

possible. Biordi et al. (1974) showed that with proper design of the
shape of the quartz sampling probe, concentrations of CH4 and OH
could be measured with only slight perturbation, and the temperature
profile was characterized simply.

The initial, supersonic expansion into a vacuum chamber reduces

pressure by orders of magnitude, cooling the gases to translational
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temperatures on the order of 20 K. By cooling the gas and eliminat-
ing collisions, free radicals ideally are prevented from being
destroyed by unimolecular and bimolecular reactions.

The core of the molecular flow from the sampling nozzle is
sampled through a skimmer nozzle and reduced further in pressure.
This second nozzle eliminates molecules at the outside of the flow
which might have contacted the nozzle wall.

The mass spectrometer may be located in the second stage of the
sampling system or a third, higher-vacuum stage may be necessary,
depending on pressure requirements. Magnetic—sector, time-of-flight
and quadrupole mass spectrometers have each been used, and the
guadrupole may be collinear with the molecular beam or normal to it.
Electron-impact ionization is used most commonly, and the beam is
rormally chopped so that background contributions in the mass-
spectrometer chamber can be subtracted.

Significant studies. — Eltenton (1942, 1947) and Foner and
Hudson (1953) reported the ability to detect free radicals by

molecular-beam sampling into magnetic-sector mass spectrometers.

Neither spatial resolution nor calibration of the signsls was
attempted. Eltenton sampled pyrolysis of Pb(CH;), and diffusion-
flame jets for CH,, C;Has, and CO, detecting signals assigned to the
radicals CH;, OH, HCO, CH,0, and HO,. Foner and Hudson sampled the
exhaust of a tubular flow reactor containing O, into which fuel was
injected at different distances from the exhaust. H, and CH; flames
were examined, and H, 0, and OH were detected in the H,/0, flame.

The work of Homann, Wagner, and co-workers in the 1960’s made
this approach quantitative. Beginning with that work, MBMS analyses
of C/H/O flames that have been reported in the literature are
summarized in Table II.1.

In the pioneering paper by Homann, Mochizuki, and Wagner (1963),
low-pressure, fuel-rich flat flames of C,H, (#=2.1 1), C,H  (#=3),
CsHy (#=2.7), and benzene (#=1.92) were studied in a time—-of-flight

1Fuel-equivalence ratio ¢# is the fuel/oxygen ratio of the actual
feed gas divided by the fuel/oxygen ratio for stoichiometric complete
combustion; thus, #=1 for a stoichiometric fuel/oxygen mixture, #<1
for a fuel-lean mixture, and ¢>1 for a fuel-rich mixture.
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Table II.1. Flat-flame/MBMS studies of C/H/O flemes.

pammch

Fuel; ¢, P Reference
CO/Hz
¢ = 0.131, Vandooren, Peeters,
5.34 kPa and Van Tiggelen
(40 torr) (1975)
1.00, 6.68 Safieh, Vandooren,
(50 torr) and Van Tiggelen
(1982)
CHe
0.21, 5.34 Peeters and
(40 torr) Mahnen (1973a)
0.56, 2.20 Peeters and
(16.5 torr) Vinckier (1975)
0.83, 101 Milne and Greene
(1 atm) (1965)
0.95, 4.27 Biordi, Lazzara,
(32 torr) and Papp (1975a)
0.98, 2.20 Peeters and
(16.5 torr) Vinckier (1975)
1.00, 2.67 Harvey and Maccoll
(20 torr) (1979)
1.00, 101 Milne and Greene
(1 atm) (1965)
1.00, 101 Cattolica, Yoon,
(1 atm) and Knuth (1982)
CaH
0.13, 5.34 Vandooren and Van
(40 torr) Tiggelen (1977)
1.0, 5.34 Vandooren (1976)
(40 torr)
2.1, 2.67 Homann et al.
(20 torr) (1963)
2.38, 2.67 Bonne, Homann, and
(20 torr) Wagner (1965)
2.40, 2.67 This work
(20 torr)
2.6, 2.67 Delfau and Vovelle
(20 torr) (1985)
3.0, 2.67 Cole (1982)
(20 torr)
3.0, 2.67 Delfau and Vovelle
(20 torr) (1984a)
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Naturé of mole-fraction data

|
To H’ HZ’ oi OH’ Hzoo cos 02’
HO., and CO, profiles (fed
9.4% CO, 11.4x Hy, 79.2% 0:)
T’ H’ H‘t’ 0, 0H9 Hzon CO, 029
H029 ahd COZ (fed 39.6% CO,
2.1% Hp, 20.8% 0., 37.5% Ar)

Ts Ho qu CH,, CH¢, os OH) Hzoa
€O, H,CO, CH,OH, 0., CO.,
CH,00

H, CH, CH,, CHs, O, OH, Oj;
Estimated Teax (fed 29.9% Ar)
Ta HZQ sz’ cos Oz’ Aro coz
(fed 70.2% Ar; metal nozzle)
T’ ua Hz’iCHss CHG, oo OHv Hzoa
CO, Oz, COz (fed 68% Ar)

H, CH, CH;, CH;, O, OH, O,
(fed 54.5% Ar)

T, CHs, C.Ha, C:H4, HCO

T, Hz, Hzo, CO, Oz, Ar, 002
(fed 72.7% Ar; metal nozzle)
OH by MBMS and laser absorption
and T by thermocouple and mol-

ecular-bean time of flight

T, H, H,, CR;, CH,, O, OH, H0,
C.H,, CO, H.CO, 0,, C-H:0, CO,

Ts H’ Hz: CHZ’ CHS’ 0, OH’ nzo’
C,H,, CO, cho, 0, C2H;0, CO,
(fed 83.46% Ar)

Hz: cu4: Hzon'., czH29 co, Hzcoa
0., C.H,, CO,, C.H>, C,H,,
CqHe, CeHz, CeHa, CoH:2

H., CH,, H;0, C-H», CO, H2CO,
ozo CSH4’ coz: C4H2a c(“4a
CeHz, CgHg, CoHz; C-H and HCO
profiles reported (see text)

T, mole-fraction profiles of 38
species (fed 5.0% Ar)

T, mole-fraction profiles of 37
species l

CzHz, 02, C H,, C4H4, Cells,
CioHey, Ci2He, CsiqHe (fed 3.0%
Ar) ‘

T, mole-fraction profiles of 23
species



CeHs
0.21, 5.34
(40 torr)

0.59, 2.20

(16.5 torr)

0.80, 2.20

(16.5 torr)

1.06, 2.20

(16.5 torr)

3.0, 4.54
(34 torr)

CaHs
2.7, 8.01

(60 torr)

1,3—CeHe
1.0, 2. 67

(20 torr)
2.4, 2.67
(20 torr)

Benzene
1.00, 2.67
(20 torr)
1.80, 2.867
(20 torr)
1.92, 5.34
(40 torr)

co

0.22, 3.00

(22.5 torr)

CHz0H

0.36, 5.34
(40 torr)

0.89, 5.34
(40 torr)

1.0, 13.4
(100 torr)

CHaOH/H2
0.21, 5.34
(40 torr)

Peeters and
Mahnen (1973b)
Mahnen (1973)
Peeters and
Vinckier (1975)
Peeters and
Vinckier (1975)
Peeters and
Vinckier (1975)
Homann et al.
(1963)

Homann et al.
(1963)

Cole (1982)
Cole, Bittner,

Howard, and
Longwell (1984)

Bittner (1981)

Bittner and Howard,

(1981)
Homann et al.
(1963)

Vandooren et al.
(1986)

Vandooren and Van
Tiggelen (1981)
Vandooren and Van
Tiggelen (1981)

Olsson et al.
(1986)

Vandooren and Van
Tiggelen (198l)
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Tt H’ st cuz: CHQ: oa ono Hzov
CzHz, CzH,, C2H,4, CO, H,CO,
02, CO:

H, CH, CH,, CH,, O, OH, O,
(fed 31.3% Ar)

H, CH, CH;, CH,, O, OH, O,
(fed 45.6% Ar)

H, C, CH, CH,, CH,, O, OH, O,
(fed 54.5% Ar)

Hz- Hzoa czﬁz, 02H4) CO’ HzCO,
Oz, CQH", Mass 42, 002, 0432,
CiHy, C4Hs, CeHz, CeHe

st CHq, Hzos cznz: c!“‘a 00,
HgCO, Oz, Can, Mass 42, COz,
C4Hz, Celz, Celg

Mole fraction profiles of 19
species (fed 60.0% Ar)

Mole fraction profiles of 37
species (fed 3.0% Ar)

T, mole—fraction profiles of 25
species (fed 30% Ar)

T, mole-fraction profiles of 51
species (fed 30% Ar)

HZs CH4o Hzos csz- czHu cos
Ozn CSHQ’ Coz’ c4H29 cenz-
CeHg, CeHgO, CoHg, CgHg,
C:onan cxzno’ c:zazo

T, H, H,, 0, OH, H0, CO, HCO,
Hzcon 02» Hoz: coz

T, H, H,, 0, OH, H;0, CO, H,CO,
CH.0, CHsOH, 0,, CO,

T, H, H,, CH,, O, OH, H,0, CO,
HZCO, CH:O, CHQOH, Og, Ar, COz
(fed 46.1% Ar)

Intensity profiles only (no
mole fractions; also with
added H,0)

T, H, H,, OH, H06, CO, H;CO,
CHs0, CHsOH, 0., CO, (10.9%
cHsoH’ 302” Hz, 85‘% oz fed)



MBMS system. Profiles of mole fraction vs. distance were shown for
15 to 16 stable species in each flame. More extensive work on
C,H,/0, flames (Bonne, Homann, and Wagner, 1965; Homann and Wagner,
1965) included mole-fraction profiles by MBMS for a flame at ¢=2.38,
2.67 kPa (20 torr) and 0.5 m-s-! burner velocity (at 298 K).

Profiles for 12 stable species, C,H, and HCO were presented, although
the radical profiles have since been recognized to be incorrectly
high (Ch. 1V, this work; Homann, 1984).

The work of Van Tiggelen, Peeters, and Vandooren (see table)
covers the longest period of study, from 1973 to the present, and the
greatest range of fuels. Early in that time, analysis and calibra-
tion procedures for flame radicals were worked out (Peeters and
Mahnen, 1973). This body of work is fairly complete as far as
including temperature profiles and most or all of the detectable
species. Flames of CO/H,, CH,, C,H,, C,H,, H,CO, and CH,OH have been
studied for fuel-lean and stoichiometric mixtures at pressures of
2.20 to 6.68 kPa (16.5 to 50 torr).

Data by Biordi and co-workers, Milne and Greene (1965), Harvey
and Maccoll (1979), the UCLA group (Yoon, Knuth, and Smith), Delfau
and Vovelle, Olsson and co-workers, and the MIT group are also
important parts of the literature for MBMS sampling of C/H/0 flames.

Other important studies, not shown in Table II.1l, include flames
containing halogen additives (Biordi et al., 1973, 1975a, 1975b),
nitrogen and/or sulfur compounds (Blauwens et al., 1977; Seery and
Zabielski, 1981; Smith et al., 1983; Tseregounis and Smith, 1985),
and MBMS study of ions (Michaud et al., 1981; Olson and Calcote,
1981).

Application and limitations of these data. — In this decade, it

has become possible to predict mole-fraction profiles for flat flames
using mechanisms of elementary reactions. Table II.1 then is not
only an overview of many of the MBMS flame studies that have been
conducted, but it is also a review of C/H/0 flames that could be used
for testing chemical mechanisms.

Note that many of the studies do not include temperature
profiles. Mechanistic modeling of such data is then difficult or
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impossible, even using an energy equation, because there is no way to
quantify heat losses to the burner.

Furthermore, many of the studies report profiles only for stable
species or for a very limited set of species. These data are still
useful for testing mechanisms, but obtaining as complete a character-
ization of the flame as possible permits the most extensive testing.

These studies then represent a valuable data base for testing
mechanistic models, but in many cases the absence of profiles for
temperature, radicals, and other key species limits their utility.
The present data are intended to confirm and extend the data of
Bonne, Homann, and Wagner (1965) by including temperatures, radical
profiles, and more detailed profiles for the stable species they
reported as well as for other detectable species. Microprobe
sampling and GC/MS analysis also extend the earlier work by identify-
ing high-molecular-weight species (MW = 68 to 180) in the flame and

establishing their relative amounts.
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CHAPTER III. APPARATUS AND EXPERIMENTAL PROCEDURES

III.1. Introduction
The experimental goal of the thesis was to map concentrations in

a fuel-rich premixed, laminar flame of acetylene and oxygen using
molecular-beam mass spectrometry (MBMS). In the unburned feed gas,
the mole fractions were 0.465 C,H,, 0.485 0,, and 0.050 Ar, giving a
fuel equivalence ratio #=2.40.

These conditions were chosen to approximate the acetylene flame
(#=2.30, no Ar) of Bonne, Homann and Wagner (1965), which was mapped
in one of the first MBMS flame studies. They reported mole-fraction
profiles for 13 stable species, C,H, and HCO. Unfortunately, the
radical profiles were incorrect (Ch. IV, this work; Homann, 1984) and
no temperatures were reported. The purpose of that work was to
follow quantitatively the evolution of species in the flame, so only
4 to 13 points per species were measured. In this study, by
comparison, more detailed data on more species permit improved
testing of detailed flame models.

Experiments were conducted in a low-pressure burner system which
was assembled originally by Wersborg (1972) and later modified
extensively by Bittner (198l1). The key modification of Bittner was
to install a quadrupole mass spectrometer collinearly with an
improved molecular-beam sampling system, which permitted analysis of
concentrations for stable species and free radicals. In the present
work, ion-counting detection was added in collaboration with Cole
(1982), and computerized data acquisition and processing was develop—
ed. Also, an approximate technique for estimating mass—spectrometer
calibration was developed.

Bittner (1981) has described design, hardware, and operating
procedures for the apparatus in some detail. Certain significant
changes have been made during the present research, some of which
have been described by Cole (1982) in a thesis that was completed

earlier:

® The flameholder was redesigned and modified so that it could
be disassembled for cleaning or repair (see Cole, 1982);
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® The 0.7-mm—diam. sampling nozzle of Bittner was replaced with
a 0.55-mm-diam. nozzle;

® A liquid-nitrogen-cooled cryotrap was installed above the
third-stage diffusion pump;

@® Pulse-counting detection was added to the mass spectrometer
in order to improve sensitivity to sub-ppm levels (see Cole,
1982);

® A digital mass programmer was added to the mass spectrometer
that allows up to 15 positions in the mass spectrum to be
addressed, permitting better corrections for isotopic interfer—
ences;

® Computerized data acquisition and computer—aided preparation
of smoothed curves; and

® A calibration method that requires only the electron energy
(MS ionizing energy) used to measure Ar and the species of

interest.

Components of the system, general procedures, and these changes are
described briefly here. The reader is referred to Bittner (1981) for
further detail on the overall apparatus and procedure and to Cole
(1982) for further details on the pulse-counting feature. Measure-
ments of temperature and of mass-discrimination factors are also

described here.

I11.2. Low-pressure flat-flame burner system
The flat flame was stabilized at 2.67 kPa (20.0 torr) on a
circular, water—cooled, copper burner. By making heat loss to a

burner uniform across its face and by setting flow to be laminar,
flame conditions can be chosen to give nearly one-dimensional flow;
that is, radial gradients in the core of the flame will be negligi-
ble.

The flameholder was machined from copper and drilled with
1-mm—-diam. holes spaced 2.5 mm apart on a triangular pitch. These
holes covered an approximately circular area of 3970 mm2. To insure
a uniform surface temperature, the burner surface was thick (12.7 mm)
with respect to the supporting walls (2.7 mm) that connected it to
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the cooling-water chamber. Also, a drilled flow straightener and
mixing region helped insure a uniform flow of feed gas through the
flameholder. Finally, to facilitate cleaning, the flameholder
assembly was modified from the unit used by Bittner (1981) so that it
could be taken apart using threaded surfaces and O-ring seals.

The flameholder was mounted vertically inside the burner chamber
on a brass pipe. This pipe was sealed by a double O-ring seal in a
mounting flange. To adjust the axial distance from the flameholder
to the sampling nozzle, the brass pipe was fastened to an external,
manually operated lathe positioner.

The surrounding burner chamber was a 150-mm—diam., water—
Jjacketed cylinder of stainless steel (see Fig. III.1). A 70-mm-
diam. window normal to the burner axis provided optical access for
measuring the relative positions of the flameholder and the sampling
nozzle. In addition, two compression fittings in the burner mounting
flange provided access for the ignitor and for a thermocouple or
microprobe.

Low pressure was maintained by pumping flame gases from the
burner chamber with & Stokes/Pennwalt Microvac vacuum pump (Model
149-11, capacity 0.038 m3/s), which was protected from soot by a
high~surface—-area filter. The desired pressure was set approximately
by adjusting a gate valve at the vacuum pump and more precisely by a
ballast—air valve. [By maintaining critical flow through the gate
valve, the burner-chamber pressure was also protected from fluctua-
tions due to the vacuum pump.] Pressure in the exhaust line was
monitored by a capacitance manometer (MKS Baratron Model 270A with
Model 370A-00100 sensor head).

Oxygen, argon, and calibralion gases were metered directly from
cylinder regulators using critical orifices (0.038- and 0.032-mm—
diam. for 0, and Ar, respectively). Upstream pressures of the oxygen
and argon feed gases were monitored using 1600-mm mercury manometers,
while the pressures of calibration gases (H,, CH,, CO, 0,, CO,) were
measured with pressure gauges.

Acetylene was purified of acetone (in which it is supplied) by
passing the gas through a saturated solution of NaHSOs(aq), 10 wtX%
NaOH(aq), and silica gel in a series of three traps. From the
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purification traps, a steady delivery pressure was maintained using a
pancake-type line regulator. Flow of C,H, was adjusted with a reedle
valve and measured with a 0.032-mm-diam. critical-flow orifice and a

diaphragm-style pressure transducer (Validyne model DP-7-50).

IIi.3 Molecular-beam sampling, mass spectrometer, and calibration

A cross—-section of the burner chamber and the three-stage MBMS
system is shown in Fig. III.1. Gases are sampled from the flame
through a 0.55-mm—diam. quartz nozzle, are rapidly quenched by a
supersonic expansion into the first stage, with a nominal pressure of
10-2 Pa (10-¢ torr) maintained by a 6-in. diffusion pump (polyphenyl-
silicone 0il). A molecular beam is formed by a 0.90-mm-diam. skimmer
located 18 mm behind the sampling nozzle, and it travels 340 mm
through background gas in the second stage at 10-4 Pa (10-¢ torr),
maintained by another 6~inch diffusion pump. Finally, the beam is
collimated by a 3.0-mm—-diam orifice, chopped at 220 Hz with a tuning-
fork chopper, and ionized in a collinearly mounted quadrupole mass
spectrometer approximately 410 mm from the sampling nozzle. Pressure
was maintained at 3 uyPa (2:10-8 torr) by & liquid-nitrogen—cooled
partition surrounding the quadrupole, and by a liquid-pitrogen—-cooled
cryotrap on a 4-inch diffusion pump. '

The mass spectrometer is an Extranuclear Laboratories (Extrel)
Model 54-162—-8 quadrupole unit with electron-impact ionization. Mass
number is set by the quadrupole power supply or by a digital mass
prograrmmer (both by Extranuclear). Signal is collected with a
channeltron-type electron multiplier (Galileo Electro-optics 4816),
which can be operated to give analog or pulse (single-ion) electron
multiplication. For the analog signal, background is subtracted from
the beam using a lock—in amplifier (Princeton Applied Research Mcdel
HR-8) tuned to the resonant circuit of the chopper. For high-sensi-
tivity pulse counting, photon-counting electronics (Princeton Applied
Research Model 1112) are used. Foreground and background counting
windows are set by mapping them directly, using narrow time intervals
and a strong signal.

An IBM PC® computer and a Tecmar Labmaster ® data acquisition

board were used to collect, plot, and store the analog data from the
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lock-in amplifier (-10 to +10 V with 12-bit accuracy) and from the
pulse counting output (BCD integer counts on a parallel port).
Programs were also written to draw smoothed curves through the data
points using analog graphics input (Koalapad graphics tablet) or
cursor keys, refining these curves with the smoothing algorithms of
Savitsky and Golay (1964; and Steinier et al., 1972).

The general procedure for data collection begins by igniting the
flame and allowing 45 min for the temperatures in the burner chamber
to stabilize. Then the burner is moved vertically to various
burner—-to-nozzle distances, which are measured with a cathetometer.
An Ar signal is read as & reference, then the species of interest,
then the Ar again. For species whose signals are affected by
isotopic contributions from lower-mass species (which may be affected
by still lower-mass species), Ar is read first, then the sequence
from lowest-mass through highest—mass species of interest, the
sequence in reverse, and Ar again; for example, Ar, CH;, CH,, OH,
and OH, CH,;, CHs, Ar. The intent is to minimize any effects of
leng-term drift in the mass-spectrometer electronics (caused primari-
ly by ambient temperature changes).

Because the flame was so fuel-rich, a deposit fcrmed on the
sampling nozzle beyond approximately 5 mm, causing it to glow red and
causing some scavenging of radicels. No drift was observed in most
of the species measurements, but H and OH were strongly affected.

To counter this effect, the nozzle was burned off periodically for
all species by switching temporarily to a fuel-lean flame. For H and
OH, the signal was followed in time after switching back to the
#=2.40 condition and later was extrapolated to zero time. This
problem affects H and OH in the post-fleame zone and may account for

the difficulty in measuring CH, and C,H in that region.

I11.4. Temperature measurement

Temperatures were measured using a combination of unheated and
electrically compensated thermocouple techniques. A Pt/Pt-13%Rh
thermocouple was used, coated with Be0-Y,0, as described by Kent
(1970) to minimize catalytic activity of the metal. The junction

between the 0.076-mm—-diam. wires was butt-welded so that there was no
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detectable change in diameter, permitting the thermocouple to be
modeled as a cylinder in a trensverse flow field. This 40-mm-long
thermocouple wire was welded to 0.38-mm support wires.

Temperatures close to and far from the burner were low enough
that the electrical-compensation method could be used (Bittner, 1981;
Neoh, 1980). In this technique, the thermocouple is resistively
heated by an AC, variable-current circuit (3 kHz, 0-1 A4), capacitive—-
ly isolated from the DC thermocouple voltage. The thermocouple
voltage then is measured as a function of the AC heating current,
first in vacuum, then in the flame at different positions, and
finally in vacuum again.

The vacuum measurement is in effect a calibration for the flame
measurements. Thermal processes in the general case are convective
heating (or cooling), radiative cooling, and resistive heating. In
vacuum, there is no convection. Likewise, there is no convection in
the flame if flame and thermocouple temperatures are equal. Thus,
the flame temperature can be determined when the same heating current’
gives matching temperatures in the flame and in vacuum.

This technique is limited to temperatures below the softening
and melting points of the thermocouple. An alternative method was
used at higher temperatures. The lower temperatures were measured
using the resistive heating technique, and the thermocouple emissivi-
ty (as an emissivity-diameter product e€d) was calculated from a heat
balance. Temperatures of the unheated thermocouple were measured for
the nigher temperatures, and the temperature correction was calculat-
ed from the heat balance and ed.

Heat-transfer analysis. — The governing heat-transfer equation
is:
Conductive _ Radiative Resis?ive = 0
heating cooling heating
p I2
he-Lad(Tyy  ~Tpo) - Lnd-€o(To-To 1)) + 'L-—:;j-;:- = 0 [IIL.1]

where h is the heat transfer coefficient; L is the basis length; d is

the thermocouple diameter; Triame, Tre, and Twa11 are ihe absolute
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temperatures of the flame, thermocouple, and wall; € is the thermo-
couple surface emissivity; o is the Stefan-Boltzmann constant; pe is
the electrical resistivity per unit length; and I is the (variable)
heating current.
This equation can be re-expressed in more useful form. Twall

(298 K) is much less than Trc, the thermocouple temperature, so Twall
drops out of the radiation term. The heat transfer coefficient can
be obtained from the expression for transverse laminar flow across a

cylinder (Kramers, 1946; Bittner, 1981):

Nu = 0.42-Pr%2 + 0.57-pri/3pel’? [111.2]

where the Nusselt number Nu is hd/k, the Prandtl number Pr is Cpu/k,
the Reynolds number Re is pvd/u, and Cp, u, k, and p are the specific
heat, viscosity, thermal conductivity, and density of the gas at a
film temperature Tfiim = (Trc+Tfiame)/2. Equation III.1 then reduces

to the general form:

4 4pb12
hd(Tflame—TTC) (éd)oTTC + —;;;;- = 0 . (111.3]

At relatively low temperatures, both Tfiame and the unheated Trc are
reasured, and Eq. I1I1.2 and 1I11.3 are solved for e€éd. For the
unheated thermocouple in the higher-temperature measurements, € is
assumed not to change. The resistive heating term drops out, and
Tfiame is determined by ed, Eq. I11.2, and Eq. III.3.

Measurements. - The temperatures of the flame and the unheated
thermocouple are shown in Fig. 111.2. In the previous attempt, the
calibration curve had changed between the time it had been measured
with a clean (ceramic-coated) thermocouple and after the measurements
in the sooting flame, which left the thermocouple charcoal-grey.

Both the thermocouple and the calibration were left unchanged by the
experiment of Fig. III.2, so thermocouple emissivity was considered
to have remained constant.

The most reliable measurement of €d was taken to be the measure—

ment at the highest temperature, where the temperature correction
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should be greatest. This measurement gave €d=3.€3:10-3 cm, or
€20.38, at 35.09 mm, Triame=1543 K, and Trc (unheated)=1411 X. At
high temperatures, this ed leads to correction factors as large as
357 K [7.67 mm, Trc(unheated)=1542 K, so Tf1ame=1899 K]. For
comparison, Peterson and Laurendeau (1985) report €=0.60 for clean,
Y,0;:-Be0—-coated thermocouples but cite a range in the literature of
0.25 to 0.75.

Measurements of e€d at lower temperatures, which were considered
less reliable, were 7.85-10-3 or €20.74 at 1.89 mm [Trc(unheated)=
1177 K, Tr1ame=1322 K]} and 8.79:10-3 or €20.83 at 2.06 mm [Trc (un-
heated)=1183 K, Triame=1672 K]. If these were more accurate, the
maximum measured Tfiame would be as high as 2320 K. A mean of the
three emissivities is 0.65, which would lead to a maximum of 2150 K.
This variation is an important uncertainty, but €=0.38 was used in
calculating the temperatures shown in Fig. III.2 and Appendix A for

the reasons noted in the previous paragraph.

I11.5. Analysis of data
Mole fractions were calculated from a mass balance on Ar.

Calibration factors for major stable species (except H,0), which make
up nearly all the mass, were determined directly, as discussed in

Ch. IV, and the calibration factor for H,0 was determined from an
O-atom balance at 35 mm. Mass—discrimination factors for changes in
the beam concentrations were calculated from cold-gas experiments,
with the results listed in Table III.1. The area expansion ratio was
measured previously for this burner flux and system (Bittner, 1981)
to be A(z) = (1 - 0.116z)-1, where z is the distance from the burner
in cm. Fluxes and reaction rates were calculated using the flame
equations and analysis methods described in Ch. II.1l.

The use of Ar as a reference for the mass balance is compromised
by interference with C:H,. Ar was introduced in the unburned gas at
5.00 mol%. C,H, is lower in concentration, but it has a much lower
ionization potential and can affect the Ar signal in this flame by as
much as 10%. Profile of mass 40 were measured at electron—energy
settings of 12, 12.5, 13, 13.5, 14, and 19 eV, and the correction

factor for Ar was determined as a function of distance from the
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Table III.1. Mass discrimination factors o(i,Ar).

Mass discrimination

o(i,Ar)
factor at 298 K and: for flame
Species 2 torr 12 torr calibration
H, 0.1773 0.1302 0.154 2 16%
CH,4 0.444 0.422 0.435 ¢+ 3%
C.H, 0.86 0.76 0.81 * 6%
co 0.822 0.773 0.798 ¢+ 3%
0> 0.847 0.833 0.841 ¢+ 1%
Ar - - [ 1]
CO, 0.991 0.994 1.0172
Toluene 1.029 1.193 1.111 ¢ 7%

a8 Mean of measurements at 2, 4.5, 7, 9.5, 12 torr.
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burner. Because the measured signal ratio of species to Ar is needed
for calibration, each of these ratios was corrected for the hydrocar-
bon contribution to the mass 40 signal.

The measured temperatures were taken to be accurately positioned
in space, but the mole fraction data are reported here to be 1.10 mm
less than their measured burner-to-nozzle distances. Biordi et
al. (1974) and Stepowski et al. (1981) showed that MBMS profiles are
perturbed from the true profiles (measured by optical means) and
that, except very near the burner, the perturbation was approximately
a translation in distance of two nozzle diameters from the burner
surface. This perturbation is caused by a combination of cooling by
the probe (approximately 100 K) and disturbance of flow fields. The
nozzle diameter in this study was 0.55 mm, so the shift was 1.10 mm.
Temperatures were used as measured for model calculation, but for the
flux calculations, the temperatures were decreased 100 K from their

measured values.
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CHAPTER IV. MOLE-FRACTION DATA AND IDENTIFICATION OF SPECIES

IV.1l. Introductory overview of data

Profiles of mole fraction, flux, and net reaction rate for 38
species were measured by molecular-beam mass spectrometry (MBMS) in a
lightly sooting, #=2.40 C,H,/0,/5% Ar flame. The same technique was
used to determine mole fractions (or upper limits) at specific points
in the flame for an additional 20 species. In addition, microprobe
sampling and GC/MS were used to resolve isomers and to measure the
relative proportions of 174 stable species having molecular weights
from 68 to 180.

Mole-fraction data and estimates of uncertainty for species are
summarized in Table IV.1l. Data files for the MBMS data are indexed
in Appendix B, data points are listed in Appendix C, smoothed data
curves are tabulated in Appendix D, and the calculated fluxes (with
balances) and reaction rates are included as Appendix E and F.

Seven stable species - C,H,, 0,, H,, €O, H,0, CO,, and Ar - make ’
up at least 0.97 of the mole fraction throughout the flame. Maximum
mole fractions of these species range upward from 0.050 for Ar. 1In
contrast, the species with the next highest mole fractions are H-atom
(0.018 maximum at 0.04]1 cm), C4,H, (0.0097 at 0.65 cm), CH, (0.0047 at
0.037 cm), and CH, (0.0037 at 0.17 cm). All other species had mole
fractions no greater than 0.001l.

Mole fractions of the major species and the temperatures are
shown for the first 1.0 cm in Fig. IV.1 and for the whole flame in
Fig. 1IV.2. A conventional description of alkane/O., combustion
(Warnatz, 1981) is that CO and H, are initially formed as
intermediates and converted to products CO, and H,0 by reactions with

OH:

CO + OH - Co, + H (IV.1]
H, + OH - HO + H . [Iv.2]

To oversimplify somewhat, H rather than OH is the dominant radical in

this flame because the conditions are so fuel-rich. As a result, the
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Table IV.l. Summary of species measured by molecular-bean mass
spectrometry in ¢=2.40 C,H,/0,/5% Ar flame, 50 cm's-! at 298 K.

Mole Maximum mole
fraction fraction [or Calibration
Mass Species profile? point value] uncertainty
1 H atom Yes 0.018, 0.41 cm Factor of 2
2 H, Yes Asymptote of 0.183 +16%
13 CH -No~- [£(0.6£2.1)-10-¢,
0.141 cm;
£(0#1.5) -10-5,
0.276 cm;
$(0+9) -10-¢,
0.363 cm ]
14 CH, ~No~ [£(1.144.8)10-¢,
0.141 cm;
3.2:10~4, 0.363 cm]
15 CH, Yes 4.7-10"3, 0.36 cm $50%
16 CH, Yes 3.7-10-3, 0.18 cm* + 3%
17 OH Yes 9.7:10-49, 0.41 cm +50%
18 H0 Yes 0.14, 0.61 cm +25%
25 C,H -No~ [ (6.6%3.7)10-%,
0.103 cm;
4-10-¢, 0.161 cm]
26 C;H, Yes Minimum of 0.06 at 3%
3.35 cm*
27 C,H, Yes 1.9:10-4, 0.46 cm* $50%
28 CH, Yes 7.8:10-4, 0.27 cm* $50%
28 CO Yes Asymptote of 0.537 ¢t 3%
29 HCO (and C,Hg?) Yes 6.0-10-5, 0.38 em +50%
30 H,CO, some C,Hg Yes 1.0:10-3, <0.01 cm $50%
32 0, Yes Asymptotic minimum s 3%
of 3-10-4
33 HO, Yes 3.2-10-4¢, 0.04 cm £50%
34 H,0, ~No—- [5-10-5, 0.176 cm]
36 C, ~No~ [ €(5¢9)-10-¢,
0.294 cm )
37 C4H -No—- [<<3:10-5,0.294 cm]
38 CqH,. Yes 1.94:10-4, 0.56 cm £50%
39 CsH; (propargyl) Yes 1.02-10-3, 0.37 cm $50%
40 C.H, (propyne and Yes 9.8:10-4, 0.2]1 cm* +50%
propadiene)
40 Ar Yes Monotonic decrease +10%
from 0.050 to 0.040
4] HCCO, some C Hg Yes 4:10-5, 0.35 cm +50%
42 CH,CO (and C.Hg?) Yes 7.2°10-4, 0.14 cm $50%
43 CH,CO and/or C,H, —No— [ $(0.1#1.2)-10-5,
0.294 cm ]
44 CHCHO and/or C,H, ~No— [ $(6#4) -10-5,
0.039 cm;
£(0.9#2) -10-5,
0.294 cm ]
44 CO, Yes 0.086, 0.70 cm ¢ 3%
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Mole Maximum mole
fraction fraction [or Calibration
Mass Species profile? point value] uncertainty
49 C,H -No- { £(2#3)-10-¢,
0.32 cm ]
50 C,H, (butadiyne) Yes 9.7:10-3, 0.65 em £50%
51 C.H, Yes 2-10-5, 0.43 cm Factor of 2
52 C.H, (3-butenyne) Yes 1.8:10-4, 0.31 cw* $50%
53 C Hg Yes 9.7-10-6, 0.22 cm $50%
54 C,Hg (1,3-butadiene) Yes 5.0:10-5, 0.17 cm* +50%
56 C(He (one or more ~No— [1.5-10-¢, 0.318 cam]
dimethylethenes)
62 CgH, Yes 1.8:10-5, 0.65 cm +50%
63 CgH, Yes 5.5-10-5, 0.46 cm +50%
64 CgH, Yes 6-10-5, 0.36 cm +50%
65 CzHs (and C,HO?) Yes 1.8:10-5, 0.39 cm $50%
66 CsHg (3-pentenyne) Yes 4.6-10-5, 0.23 cm* +50%
and/or C H,0
73 CeH -No—- [ <€(0.84#3)-10-%,
0.544 cm ]
74 CgH, (hexatriymne) Yes 1.3:10-3, 0.70 cm +50%
76 CgH, Yes 5.2:10-5, 0.45 cm* +50%
77 CeHs Yes 1-10-¢, 0.2 cm Factor of 3
78 Ce¢He (mostly benzene, Yes 4.0-10-5, 0.28 cm* +50%
some aliphatics)
79 CeH» and/or CgH,0 ~No- [ s1-10-6, 0.544 cm)
80 CgHy and/or C4H0 -No- [ $5-10-7, 0.544 cm]
81 C¢Hp and/or CgHg0 -No- [ s5-10-8, 0.544 cm]
91 C.H, -No- [€1.3:10-%, 0.395 cm]
92 C,Hs (mostly toluene, —No- [ 4-10-7, 0.45 cm ]
some aliphatics)
98 C.H» Yes 7.4:10-5, 0.68 com £50%
102 CoHe (mostly Yes 3.3:10-¢, 0.35 cm $50%
phenylacetylene)
104 CHe (styrene) -No- [ <2-16-7, 0.395 cm]
122 C, oH. Yes 7.3:10-¢, 0.78 cm +50%
126 C, He -No~- [ S(1¢1) -10-8;
0.395 cm ]
128 C, oHy (naphthalene) -No- [4.7-10-7, 0.395 cm]

152 C, ,Hs (acenaphthylene) —~No-

[ $(545) :10-7;
0.395 cm ]

* Species that had a maximum but also, at a greater distance from
the burner, had a minimum followed by a steady rise to the end of
the measurement region (4.0 cm).
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Fig. IV.1l. Profiles of temperature and of mole fractions for
major stable species in the first 1.0 cm of a laminar, premixed
flame of C,H,/0,/5% Ar, #=2.40, 2.67 kPa (20 torr), and 0.5
m-s~1 velocity of unburned gas (298 K).
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reverse reactions become important and the "intermediates" CO and H,
are the dominant products.

The principal radicals involved in hydrocarbon destruction are
H, 0, OH, and HO,. Profiles of mole fraction were measured for all
these species except O-atom, which was obscured by the signal for
CH,.

Mass flux balances for carbon, hydrogen, oxygen, and total mass
are strong internal checks on the data because they depend not only
on the magnitudes of the mole fractions, but also on the shapes
because of diffusion fluxes. As shown in Fig. IV.3, the closure of
these balances is excellent except for the hydrogen balance near the
burner. By comparison, the closure is generally as good or better
than the closure in previous work (Bittmer, 1981).

The deviation near the burner is largely caused by uncertainties
in the diffusive fluxes. The net mass flux of hydrogen near the
burner (0.0197 g H/cm? -s at 0.26 cm vs. 0.03166A in the feed gas) is
largely determined by the mass fluxes of CH, (+0.0273 g H/cm? ‘s8),
H-atom (-0.0062), H, (-0.0056), and H,0 (+0.0028). For these
species, the ratio of diffusive flux to convective flux is
0.66, -16.1, -1.75, and -0.67, respectively, so the net flux is
especially sensitive to the concentration gradients of these
species. In particular, the location of the maximum deviation

corresponds to the maximum negative flux of H-atom.

IV.2. Comparisons with other data
No detailed MBMS data have been reported before in C,H, flames
at the specific conditions of this study, but the conditions of

Bonne, Homann, and Wagner (1965) are sufficiently close to allow

useful comparison. 1In addition, there are limited data by Bittner
(1981) in this flame, and Delfau and Vovelle (1984a, 1984b, 1985)
have measured detailed profiles for C,H, flames at conditions near
those of this study.

The flame of Bonne et al. is the same as studied here except
that 5% Ar was added to the feed gas of the present flame. The same
burner velocity of 50 cm-'s-* (at 298 K) and virtually the same
equivalence ratio of #=2.40 (vs. 2.38) were used here, but the
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earlier flame was Ar-free. The added Ar dilutes the flame gases,
changing mole fractions by the dilution itself and by lowering the
temperature, changing reaction rates. Differences in cooling of the
burner can also change the temperature profile at nominally identical
flame conditions (Calcote, 1984).

Bittrer (1981) briefly searched for C,H at the conditions of the
present flame and in the same burner/MBMS system used here. Iy
inference, the same burner cooling and would cause the same
tempereture profile as measured in the present flame. He reported
approximate concentrations at 3.5 cm for 6 stable species,
intensity-ratio (raw data) profiles for 12 species, and the absence
of C,H from 0.2 to 1.2 cm above the burner.

MBMS data of Delfau and Vovelle (1984a, 1984b, 1985) can also be
compared to the present data, at least to a limited extent. They
measured profiles for selected profiles in Ar-free C,H,/0, flames at
50 cm-s-! (298 K) and equivalence ratios of ¢=1.8, 2.1, 2.2, 2.6, and
3.0. Interpolation of the ¢=2.2 data (Delfau and Vovelle, 1984b) and
the ¢=2.6 data (Delfau and Vovelle, 1985) should give mole fractions
that are similar to the present data, although temperatures were

reported to be approximately 200 K higher than measured here.

IV.3. Discussion of MBMS data
The profiles of mole fraction and the identities of species are
examined here in some detail, with an eye toward using the data to

explain the flame chemistry. Plots of the profiles include data

peints, smoothed curves drawn for flux calculations, and, where
possible, the data points of Bonne et al. The species will be
discussed in order of increasing molecular weight and compared to
literature data from similar flames.

H-atom. — H-atom at 0.337 cm had an ionization potential of
13.89#0.27 referenced to Ar, compared to the literature value of
13.60 eV (Rosenstock et al., 1977). No appearance potential was
observed up to 19.75 eV, and the profile was measured at 15.85 eV
(corrected from the metered setting based on the shift between
metered and literature ionization potential for H,; 15.50 eV was the

actual setting used). For the calibration factor (oS)u,ar, the
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mass—spectrometer sensitivity Su,ar was determined from the
ionization efficiency at 0.337 cm, and the beam mass-discrimination

factor ouw was estimated from ow, by scaling with molecular weight:

oy (,Ar) Mwi 0.5
—E;——J———-— = ( MW ) . [IV.3]
J (,Ar) J

Measurement of H-atom was complicated by uncertainties in om
(particularly near the burner), by scatter of data at the peak mole
fraction, and by consumption of H by deposits on the probe at larger
distances.

As described above, ou was taken as a fixed value based on ow,.
The uncertainty in ou, was $16%; however, ok, is affected more by the
density of the sampled gas (see Ch. II11.3) than are the mass-
discrimination factors of heavier gases. As a result, ou should be
affected most by this uncertainty near the burner where the variation
of gas density is greatest. Thus, a fixed value of ow may be
inappropriate.

H-atom data are shown in Fig. IV.4. At the peak mole fraction
of 0.018 (0.41 cm), there is considerable scatter in H-atom data,
possibly due to effects there of scavenging (discussed below and in
Ch. I11.3). The higher data points were taken to be more credible,
as shown by the smoothed curve. However, if the lower data points
were taken as true, the positive convective flux would be a factor of
two lower, but the larger, negative diffusion flux of H-atom also
would be reduced. The net flux (negative) then would decrease,
reducing the maximum deviation of the H mass flux balance (Fig IV.3)
from -40% to -25%.

At some positions H measurements were affected by losses to the
probe. Beyond 0.5 cm, the probe tip glowed red from the formation of
a visible deposit by the sooting flame. Hydrocarbon radicals did not
appear to be seriously affected, but H and OH apparently were
scavenged. To obtain signals free from this effect, the deposit was
burned away with a lean flame, the rich flame was restored, and
signal was measured as a function of time. The signal used to
calculate mole fraction was extrapolated to zero time, although the
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Fig. IV.4. Data (O) and smoothed curve for H-atom in a laminar,
premixed flame of C,H,/0,/5% Ar, #=2.40, 2.67 kPa (20 torr), and
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Fig. IV.5. Data profile for H, (O) in a laminar, premixed flame

of C,H,/0,/5% Ar, #=2.40, 2.67 kPa (20 torr), and 0.5 m-s-!
velocity of unburned gas (298 K), compared to data of Bonne et

al. (1965; A) in a C,H,/0,, #=2.38 flame.
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switch in flame conditions and stabilization of pressure occurs over
about 30 s.

For these reasons, the uncertainty in the mole fraction of H is
considered to be a factor of two.

The only comparisecn with other data is by interpolation from
data of Delfau and Vovelle, although their flame was hotter by 200 K.
Interpolating to #=2.4, the maximum mole fraction would be 0.0044 at
1l cm (mean of 6.5:103 at 1.1 and 2.3-10-3 at 0.85 cm), compared to
0.018 at 0.41 cm in the present data. To decide whether this
disagreement is consistent with the flame differences requires
examination of flame mechanisms.

Ho. — The calibration factor for H, was obtained by direct
measurement using pure gases and mixtures. The ionization potential
was 14.8320.10 eV referenced to Ar, and the profile was measured at
18.75 eV (referenced to Ar; setting 19.00 eV). The profile is shown
relative to other major species in Figs. IV.l and IV.2. As noted
above, the calibration uncertainty of %16% is due primarily to om ».

Comparison with other data shows reasonable agreement consider-
ing the differences among the flames. Shape, alignment, and magni-
tude are all in good agreement between this measurement and that of
Bonne et al. (Fig. IV.5), with the present measurements leveling off
at 0.183 and the Bonne measurement slightly lower, leveling off at a
mole fraction of 0.165 at 4 ecm. As a further comparison, Bittner
(1981) estimated a mole fraction of 0.21 for H, at 4 cm. Also,
interpolation of the Delfau and Vovelle #=2.2 and 2.6 flames gave an
ultimate yield of 0.215 (mean of 0.22 and 0.21).

CH. — No signal was detected, but using the literature ioniza-
tion potential and an estimated ionization cross-section, it is
possible to set an upper limit on the mole fraction at positions
where ionization efficiency curves were measured. Such measurements
were made at 0.141, 0.276, and 0.363 cm. Each measurement of mole
fraction gave zero within experimental error with the largest
possible value being (0¢1.5) -10-5 at 0.276 cm.

CHo. — No CH; profile was measured successfully, but an
ionization efficiency at 0.363 cm gave a mole fraction of 3.2-10-4.

The ionization potential was measured to be 10.41$0.36 eV vs.
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10.396+0.003 eV from the literature for CH,. Closer to the burner at
0.141 cm, the upper limit was measured to be a mole fraction of
(1.1#4.8)10-6. 1If CH, is present in detectable concentrations at
greater distances from the burner, it may have been obscured by the
radical scavenging that made H-atom measurements difficult. Its low
ionization cross-section also makes for a weaker signal. An
intercept at 13.71$0.09 eV (0.141 cm) is the appearance potential for
CH,* from CH,CO, which is reported as 13.8¢0.2 eV (Rosenstock et al.,
1977).

Delfau and Vovelle report mole fraction profiles for CH, that
would maximize at 1.7-10-¢ at 0.4 cm (mean of 1.8:10-4 at 0.3 cm and
1.5-10-4% at 0.45 cm). This value is similar to the value of 3.2-10-4
cited above.

Methylene can be present in flames at significant concentrations
in two electronic states: the ground, triplet state (X 3B,) and an
excited, singlet state (& 'A,) that lies 9.0 kcal/mol above the
ground state (Goddard, 1985). Although equilibrium favors the ground
state, the equilibrium at 2000 K can be calculated to be
95:5:triplet:singlet. These states cannot be resolved by MBMS
because the resolution would have to be made by difference in
ionization potential. If this difference were the same as the
difference in enthalpies, it would be 0.4 eV, too small to be
observed.

CHz. — Methyl was formed in appreciable amounts, reaching a
maximum mole fraction of 0.005. The measured ionization potential
was 9.6:0.4 eV vs. the literature value of 9.84 eV. For the calibra-
tion factor, Scus,ar was determined from three ionization efficiency
measurements and ocy s was estimated by molecular—weight scaling from
the directly measured ocn4. The profile was measured at 11.7 eV
(ref. Ar; setting 12.00 eV).

The profile of mole fraction is shown in Fig. IV.6. For
comparison, interpolating the measurements of Delfau and Vovelle
gives a maximum of 1-:10-2 at 0.6 cm (from 0.0010 at 0.5 cm and 0.0009
at 0.65 cm), similar to 4.7:10-3 at 0.36 cm measured here.

Mass 16 (CHs). - Measurements of the ionization potential es

12.63%0.58 eV supported the assumption that in this fuel-rich flame,
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Fig. IV.6. Data profiles for CH. (0O) and CH, (©) in a laminar,
premixed flame of C,H,/0,/5% Ar, #=2.40, 2.67 kPa (20 torr), and
0.5 m-s-! velocity of unburned gas (298 K). Also shown are CH,
data of Bonne et al. (1965; A) in a C,H,/0,, #=2.38 flame.
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mass 16 was CH, (IP=12.70 eV) rather than O-atom (IP=13.62 eV). Both
oci e 8nd ScH 4 ,Ar were measured directly, but the mean of three
estimates of Sch4.,ar by ionization efficiency was within 3% of the
direct calibration. The profile was measured at 13.2 eV (ref. Ar;
13.50 eV setting).

The mole~-fraction profile for CH, (Fig. IV.6) has an early
maximum of 3.7:10-3 at 0.17 cm, declines to 1.05:10-3 at 1.55 cm, and
then rises again. Note that such a minimum is not observed in the
CH, data. The data of Bonne et al. are very similar to the present
data but stop at 0.7 cm. Their maximum was 5.6-10-2 at 0.35 cm, but
the data did not extend to the region of the minimum. No minimum was
observed in the hotter ¢=2.2 and 2.6 flames of Delfau and Vovelle,
but interpolation gives a maximum of 1.3:10-23 at 0.5 cm (from
1.2:10-2 at 0.4 cm and 1.4:10-23 at 0.6 cm), which is slightly lower
than the present measurements.

OH. - The maximum in this profile (Fig IV.7) was 9.7-10-4 at
0.4]1 cm. Data were noisy at the greater distances from the burner
because of scavenging by probe deposits, requiring burn—off,
establishment of the new condition, following the changing signal,
and extrapolating back to initial measurement with the clean nozzle
(as for H-atom). The only intrinsic interferences were fragmentation
of H,0 at 1B.05 eV and isotopic contributions from CH,. For the
latter, mass 16 was assumed to be exclusively CH,, as discussed
above,

OH was measured at 15.66 eV (ref. Ar; 16.00 eV setting), 2.5 eV
above the ionization potential. The mass discrimination factor was
obtained by molecular-weight scaling of the direct CH, measurement,
and Sos ,or was determined from the mean of three icnization
efficiencies with 50X uncertainty.

By comparison, Bonne et al. showed an uncalibrated OH emission
signal with a maximum at about 0.4 cm, the same position as for the
maximum mole fraction in this study. Interpolation of the Delfau and
Vovelle data predicted a maximum mole fraction of 3.4-10-4 at 0.75
(from 4.7-10-¢ at 0.8 cm and 2.1-10-¢ at 0.7 cm), somewhat lower in

magnitude and further from the burner than observed here.
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Fig. IV.8. Data profile for H,0 (©) in a laminar, premixed flame
of C.H,/0,/5% Ar, #=2.40, 2.67 kPa (20 torr), and 0.5 m-s™}
velocity of unburned gas (298 K), compared to data of Bonne et
al. (1965; A) in a C,H,/0,, $=2.38 flame.
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H20. - The H,0 profile (Fig. IV.l and 1V.2) was measured at
17.1 eV (ref. H,0 ionization potential; setting 17.00 eV). It shows
a maximum mole fraction of 0.14 at 0.61 cm, followed by decline to a
nearly constant value of 0.095. H,0 is usually considered to be an
end product of combustion, but the peaked shape is caused by net
formation of H,0 being followed by net destruction.

No direct calibration of H,0 was made, in contrast to the other
major stable species. Rather, ou,0 was estimated by molecular-weight
scaling from oci 4, and Sk ,o ,or was determined from a mass balance on
oxygen at 3.5 cm. The oxygen balance is primarily determined by CO,
which has a mole fraction of 0.54 at that point, so the 3%
uncertainty in the CO calibration causes 15% uncertainty for H,0.
With the uncertainty of om0, the uncertainty for the H,0 calibration
becomes 25X%.

The data may be compared to other H,0 data at similar
conditions. First, Bittner (1981) estimated a mole fraction of 0.075
at 4 cm in an identical flame vs. 0.095 here. Second, comparison
with the data of Bonne et al. is shown in Fig. IV.7. The Bonre data
are lower by approximately 20% but have the same shape as the present
data. Third, the interpolated Delfau and Vovelle data maximize as
0.132 at 0.81 cm (mean of 0.140 at 0.68 cm and 0.124 at 0.124 at 0.%4
cm) and decline to 0.087 by 2.5 cm (mean of 0.096 and 0.078), rather
similarly to the present measurements. Quantitative difference may
result from calibration uncertainties or from the absence of
Ar-dilution and the higher temperatures of the latter two studies.

C2H. - Little or no ethynyl was detected despite several
attempts. JIonization efficiencies were difficult because of the weak
signal. 1In the most reliable measurement, an ionization potential of
10.740.25 eV (ref. Ar) was measured at 0.161 cm, corresponding to a
mole fraction of 4:10-¢. The ionization potential compares poorly
with the value of 11.51:0.05 eV that was recently recommended (Wodtke
and Lee, 1985). No other species should be interfering, and the
lowest appearance potential for C,H* is 17.22 eV from C.H,
(Rosenstock et al., 1977).

Nevertheless, attempts were made to measure the profiles. 1In

one attempt, the range of positions from 0.1 to 0.9 cm was sampled,
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giving only noise corresponding to a mole fraction of (0:1.5)-10-6,
Because of concerns about radical scavenging above 0.4 cm (as for H
and OH), careful measurements were made from 0.024 to 0.27 cm, but
the mole fractions were again in the noise of the measurement. The
largest apparent mole fraction was (6.6:3.7)10-¢ at 0.103 cm, and the
values from 0.2 to 0.3 cm were O to 2-10-6 ¢ 3-10-6,

The only "measurement" of C,H in a flame is that of Bonne et al.
(1965). They reported a mole-fraction profile for C,H from 0.1 to
0.7 cm that had a maximum of 3.3-10-3 at 0.22 cm, while Bittner
(1981) and Delfau and Vovelle (1984c) could not detect C,H. In fact,
the profile of Bonne et al. is incorrect, the result of C,H* formed
below its nominal appearance potential from C,H,. Because the
electron-impact ionizer used in the mass spectrometer generates a
distribution of electron energies, ionizing (or fragmenting)
electrons can be generated even though the median electron energy is
lower. To confirm this explanation, the shape of the Bonne profile
was experimentally reproduced by measuring mass 25 at 16.7 eV, 0.5 eV
below the appearance potential of C,H from C,H,. Homann (1984) has
expressed agreement with this explanation.

C2H>. — The C,H, profile was measured at 12.8 eV (ref. Ar;
setting 13.00 eV). Direct measurements of Sc,i»,ar and oc.u, were
used, giving an estimated calibration uncertainty of #3%.

Acetylene is consumed rapidly as it leaves the burner (Fig.
IV.1) and reaches a near—constant mole fraction of 0.06 beyond 2 cm
(Fig. IV.2). A slight (1.5%) increase between 3.35 and 3.9 cm seems
to be present.

Data of Bonne et al. are very close to the present data, going
to an ultimate mole fraction of 0.053 (Fig. IV.9). Bittner estimated
his mole fraction at 3.5 cm to be 0.055, and interpolation of data
from Delfau and Vovelle gives 0.062 at 2.5 cm (mean of 0.042 and
0.082), all in reasonable agreement with the present data.

CzHs. - No data have been reported before for vinyl in
acetylene flames, despite its mechanistic importance (Chap. V).

A reason is that isotopic contribution of C,H, to mass 27 is 2.2% of
the mass 26 signal, obscuring the C,Hs signal even below the ioniza-
tion potential of C,H, (11.4]1 eV). The profile was measured at 9.8
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flame of C,H,/0,/5% Ar, ¢=2.40, 2.57 kPa (20 torr), and 0.5
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0.5 m-s~! velocity of unburned gas (298 K).

109



eV (ref. Ar; setting 10.00 eV), 1.6 eV below the ionization potential
of C,H, and 0.8 eV above the ionization potential of C,H, (8.95 eV).
Even at this electron energy, the contribution from C,H, (also
measured at 9.8 eV) was typically 50%. To obtain sufficient signal,
each measurement of mass 27 was made by pulse-counting detection for
20 min.

Calibration was by ionization efficiency for Sc,us;,ar and by
interpolation between C,H, and CO for oc k5. Because of the noise in
the low-level C,Hs; signal and the isotopic correction, the ionization
potential measurements were 9.47:0.46, 8.91$0.5, and 9.70£0.54 eV.

Measurements of this key hydrocarbon radical (Fig. 1IV.10) are
important for testing flame mechanisms. The mole fraction reaches a
maximum of 1.9:10-4 at 0.46 cm, declines to a minimum of 2.7-10-5 at
3.0 cm, and has climbed to 3.9:10-5 at 3.9 cm. Again, no previous
data are available for comparison.

Mass 2B - C2Hs. — The profile for C,H, can be measured

separately from CO, the other mass 28 species in this system, because
their ionization potentials are so different — 10.51 for C,H, vs.
14.013 eV for CO. (N, also a mass 28 species, is present only in
the background because of inleakage). C,H, was measured at 10.8 eV
(ref. Ar; setting 11.00 eV). The sensitivity Scazh4,ar was determined
by ionization efficiency, and oc.u, was assumed equal to oco.

As shown in Fig. IV.1ll, the mole-fraction profile of C,H,
reached a maximum of 7.8:10-4 at 0.27 cm and then declined to
1.3:10-5 at 3.9 cm. No C,H, data were reported by Bonne et al.,
Bittner, or Delfau and Vovelle.

Mass 28 — CO. - Carbon monoxide is very much the dominant
species through the latter part of the flame (Fig. IV.1 and IV.2).

The mole fractions of all species are particularly sensitive to its
accurate calibration (1) because the mole fraction of Ar, to which
all mole fractions are ratioed, is determined by mass balance and (2)
because the calibration factor for H,0 is calculated from an oxygen
balance at 3.5 cm, which is mostly CO. Calibration factors were
measured directly, and the profile was measured at 1B.7 eV (ref. Ar;
setting 19.00 eV). Interference with background N, causes most of

the scatter in the data.
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The measured profile is a monotonic rise to a mole fraction of

0.54 at 3.9 cm. By comparison, the data of Bonne et al. reach 0.62
(Fig. IV.12) which, if diluted by 5% Ar, would become 0.59. Bittner
estimated 0.56 at 3.5 cm in a flame which includes 5% Ar. Finally,
interpolation of the data of Delfau and Vovelle gives 0.585 at 2.5 cm
(mean of 0.58 and 0.59), which would become 0.56 with Ar dilution.
Ignoring the likely effects of temperature on CO formation, these
values (corrected for Ar dilution) are in good agreement.

Mass 29 (HCO and/or C2Hs). — A profile was measured for mass

29, which seems to be predominantly HCO based on ionization poten-

tials. The literature ionization potentials are 9.83$0.18 eV for HCO
and $8.38+0.05 eV for C,Hs (Rosenstock, 1977). At 0.161 cm,
well-defined ionization potentials were measured in repeated
ionization efficiency tests to be 10.36%0.23 (ref. Ar or 10.17%1.1
eV, ref. CO) and 9.8510.23 eV (ref. Ar), matching well with HCO. A
tailing signal from HCO or a weak contribution from C,Hs gives
7.7¢1.1 eV (ref. Ar). 1If this is C,Hs, the signals would imply a
mole fraction ratio HCO/C,Hs of 200. At 0.201 cm, only the
ionization potential of 9.8:0.6 (ref. C,H,) for HCO was detected.

The HCO profile shown in Fig. IV.13 was measured at 11.8 eV
(ref. C,H,; setting 11.50 eV). If the identity were completely
mistaken and the data corresponded only to C,Hs, the mole fractions
would be higher by a factor of 2.3, based on estimated ionization
cross—sections. A prcfile for mass 29 was simultaneously measured at
9.8 eV (ref. C,H,; setting 9.50 eV) on the cance of detecting a C:Hg
profile, but the signals were not significantly different from zero.

The present data, all measured at less than 0.74 cm, show a
broad, flat maximum of 6.0:10-5 centered at about 0.38 cm. Bonne et
al. report the only other HCO measurements in a similar flame, but
they report a maximum of approximately 10-3 at 0.16 cm. This marked
difference may have been caused by use of too high an electron energy
by Bonne et al., as had been the case for C,H.

Mass 30 (H-CO and/or C2Hs). — Both H,CO and C,Hg appear to be
present in the flame. Ionization potentials for the species are
10.88$0.01 eV for H,CO and 11.521¢0.007 eV for C,Hg. However,

curvature in the ionization efficiency data caused measurements of
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10.18 to 11.24 eV at 0.161 cm and 10.80 to 11.86 eV at 0.201 cm.
Both species are apparently present at similar concentrations at
these positions, a situation that would give the curvature observed.
To measure the profile for mass 30, an electron energy of 11.8 eV
(ref. C,H,; setting 11.50 eV) was used. The calibration factor was
based on the signal being all H,CO because of the excess of HCO over
C,Hs, but if the signal were all C,Hg, the mole fraction would be
higher by a factor of 2.1.

The present data may be compared with those of Bonne et al.
(Fig. IV.14) and of Delfau and Vovelle. For the combined H,CO/C.H
profile, a maximum of 1.0:10-3 occurred very close to the burner. By
comparison, Bonne et al. attribute mass 30 solely to H,CO and report
a maximum of 2.3-10-3 at 0.25 cm. Delfau and Vovelle also cited only
H,CO for mass 30. The mean of their #=2.2 and ¢=2.6 maxima was
1.9-10-3 at 0.22 cm (from 1.6:10-3 at 0.23 and 2.1:10-3 at 0.2).
Lower temperatures in the present flame could explain a greater
importance of C,H¢ by limiting the chemically activated addition/
decomposition channels of CHs; recombination (Ch. VI).

02. - The profile for 0, was measured at 15.7 eV (ref. Ar;
setting 16.00 eV), 3.6 eV above the ionization potential (12.07 eV).
Components of calibration factor were measured directly. No CH,O0H
was detected (IP=10.85 eV), but any that was present might have been
obscured by 0, signal in the tail of the electron energy distribu-—
tion. O, is relatively noisy for a major species because of
background 0, from air leakage.

Comparison with data of Bonne et al. is shown in Fig. IV.15
using linear axes. Agreement appears good with some what faster
disappearance in the present data. However, from the present data it
is found that the mole fraction does not go to zero as suggested by
the linear plots but rather goes to 3-10-%.

HO2. — Hydroperoxyl was corrected for isotopic contribution
from 0, (170160 vs. 160,), which was measured to be 0.0851% of mass
32 (0.074% theoretical). At the burner, the point of the largest
contribution, 0, was 44% of the signal for mass 33. The profile was
measured at 14.7 eV (ref. Ar; setting 15.00 eV), 3.2 eV above the
ionization potential (11.5340.02 eV). Experimental ionization
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Fig. IV.14. Data profile for mass 30 (O) in a laminar, premixed
flame of C,H,/0,/5% Ar, ¢=2.40, 2.67 kPa (20 torr), and 0.5
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assumes H,CO, but H,CO and C,Hg are apparently both present.
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potentials were 12.120.5 eV (ref. Ar) at 0.102 cm and 11.65$0.33 eV
(ref. Ar) at 0.276 cm.

A maximum mole fraction of 3.2:10-¢ occurred very near the
burner at approximately 0.04 cm (Fig. IV.16). The only data that can
be compared are those of Delfau and Vovelle, which indicate a maximum
of 1.6-10-4 at 0.2 cm (mean of 1.3:10-4 and 1.8:10-4, both at 0.2
cm), similar in magnitude to the present data.

H202. — Mass 34 was examined for H,0, but none could be detect-
ed. One reason is that the isotopic contribution from O, is higher
at mass 34 than at mass 33 - experimentally 0.469% vs. 0.0851%. At
the burner, an H,0, signal at the size of this correction would
correspond to a mole fraction for H,0, of 0.009.

A profile of mass 34 was measured at 14.7 eV (ref. Ar; setting
15.00 eV) but the data after isotopic correction were not
statistically distinguishable from zero. An ionization efficiency
measurement at 0.176 cm indicated the presence of H,0, at a mole
fraction of 5:10-5 based on an ionization potential of 10.4%0.8 eV
(ref. Ar) vs. 10.92+0.05 eV (Rosenstock et al., 1977). No data on
H,0, was reported from the comparable flames.

Cs and CsH. — Ionization efficiency measurements at 0.294 cm
did not show the presence of either species. 3®Ar (ionization
potential 15.76 eV) can be mistaken for C., but no literature value
is available for the ionization potential of Cs. If the latter is
less than 10 eV, then the attempted measurement at 11.7 eV (ref. Ar;
setting 12.00 eV) gives a mole fraction of less than (5%9)-10-6.

The ionization potential for CsH can be estimated to be 6.5%1.7
eV (Appendix G), but no signal at 0.294 cm was detected below an
appearance potential that was measured to be 10.4:0.5 (ref. Ar). If
this intercept were taken to be the ionization potential, then the
mole fraction would be estimated (incorrectly) as 2.9-10-5.

Delfau and Vovelle report profiles for these species in their
slightly hotter flames. C, is reported at #=2.2 but not at $=2.6,
having a maximum of 4.3-10-5 at 0.82 cm. Profiles for C,H are
reported at ¢=2.2 and 2.6, giving an interpolated maximum of 5.1-10-3
at 0.87 cm (from 5.5-10-5 at 0.82 cm and 4.7-10-5 at 0.91 cm). At

0.294 cm, where a comparison might be made more fairly, they show a
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zero mole fraction (less than 0.5-10-%) for C,; and 2-10-¢ for CH
(mean of 0.8:10-¢ and 3:10-¢). Thus, there appear to be no serious
discrepancies between the profiles of Delfau and Vovelle for C, and
CsH vs. the ionization efficiency data in this study.

C3Hz2. — Measurements of the ionization potential for C;H, gave
well-defined straight-line ionization efficiency plots leading to
8.840.1 eV (ref. Ar). These values may be compared to an estimate of
10.3 eV (Appendix G) and to 9.8 eV observed by Bittner (1981). The
C3H, profile was measured at 10.2 eV (ref. Ar; setting 10.50 eV).

The shape of the profile (Fig. IV.17) was characterized by
little C,H, at the burner, increasing rapidly to a maximum of
1.94:10-¢ at 0.56 cm and slowly decreasing to 1.0:10-% at 3.9 cm. For
comparison, the profile shapes were similar in the flames of Delfau
and Vovelle with the maximum at #=2.4 estimated to be 1.8-10-9 at 0.7
cm (mean of 1.7:10-4 at 0.6 cm and 1.9:10-¢ at 0.8 cm), very close to
the maximum value in the present study.

C3Ha. - Measurements of the ionization potential for C,H, were
8.8120.10 eV at 0.294 cm and 9.17:0.05 eV at 0.430 cm (ref. Ar),
indicating that the species was propargyl (HCsC—CH,: or -HC=C=CH,)
rather than cyclopropenyl. For propynyl, Rosenstock et al. (1977)
cite an ionization potential of 8.68 eV, while Field and Franklin
(1970) cite 5.8 eV for cyclopropenyl. The profile was measured at
10.2 eV (ref. Ar; setting 10.50 eV).

The CsH; profile (Fig. IV.17) is shaped similarly to that of
Cs;H, but it peaks closer to the burner. It reaches a maximum of
1.02-10-3 at 0.37 cm and declines to 8.7:10-5 at 3.9 cm.
Interpolation of data by Delfau and Vovelle predicts a maximum of
4.0-10-% at 0.59 cm (mean of 3.6-:10-¢ at 0.55 cm and 4.3-10-4 at 0.63
cm), somewhat lower than in the present study.

Mass 40 — C3Hs. — Although Ar has virtually the same mass as

CsH,, the ionization potential for Ar is sufficiently higher that

CsH, can be measured without interference from Ar. The complication
for CyH, is that it can represent three isomers - propadiene
(allene), cyclopropane, and propyne (methylacetylene) - having ioniz-
ation potentials of 9.563, 9.95, and 10.36 eV, respectively (Rosen-
stock et al., 1977). [The ionization potential of Ar is 15.76 eV.]
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The three isomers could not be resolved satisfactorily by MBMS
methods. In twelve measurements of ionization efficiency curves
(signal vs. electron energy), the characteristics were a linear
segment from 11.5-13.5 eV, yielding an "ionization potential" of 10.2
to 10.5 eV, and an unusually linear tailing off as electron energy
was reduced further. If this tail was extrapolated to zero signal,
the apparent ionization potential was 9.0 to 9.7 eV. This behavior
suggests that propyne is the dominant C.H,, that propadiene is also
present at significant levels, and that cyclopropene is in the lowest
concentration if it is present at all. Analyzing the slopes of the
linear segments, the propyne/propadiene ratio is 1.15/1 or greater.

An overall C,H, profile was measured at 12.7 eV (ref. Ar;
setting 13.00 eV). The mass-discrimination factor oc si ¢ was assumed
to be unity {"oar"), and Sc i 4,ar was estimated using a mean of the
estimated ionization cross-sections for propadiene and propyne (6.3
and 6.7-10"16 cm2).

This profile (Fig. IV.17) has a maximum mole fraction at 0.21
cm, closer to the burner than for CgsHs (0.37 cm) or C,H, (0.56 cm).
The data reach a shallow minimum at about 2.35 cm and rise about 15%
by 3.9 cm. By comparison, Bonne et al. show a profile for C,H  that
agrees well in shape and magnitude so far as they measured (0.84
cm). Their maximum of 1.4:10-2 occurred near 0.3 cm. As for other
species, the C;H, profiles of Delfau and Vovelle are shifted further
from the burner. Interpolating their maxima to ¢<2.4 gives 3.5-:10-4
at 0.48 cm (mean of 3.2:10-¢ at 0.43 cm and 3.8:10-¢ at 0.53 cm),
somewhat lower than the other measurements. However, because of the
calibration difficulties caused by the isomers, the spread of values
is prcbabiy within the uncertainty of the calibration.

Mass 40 ~ Ar. - In the measurement of each data point for each

species, two measurements for Ar were made as internal reference, one
before the species data point and one after. Argon was measured with
8 setting of 19.00 eV, at least 2.5 eV higher than its ionization
potential.

However, with an Ar mole fraction of 5%, the contribution to
mass 40 from C.H, is extrapolated to be as high as 9.7% (at 0.27

cm). To measure this correction accurately, profiles for mass 40
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were measured at 11.7, 12.2, 12.7, 13.2, 13.7, and 18.7 eV (ref. Ar;
settings 12.00, 12.50, 13.00, 13.50, 14.00, 19.00 eV). The five
low—eV points were fitted at each position by linear regression and
extrapolated to 18.7 eV to determine the correction. Profiles of
data points and smoothed curves were then corrected by this factor.

The profile of Ar is shown in Fig. IV.18. Its mole fraction
decreases with increasing distance from the burner because the number
of moles in the system increases, but the mass fraction and mass flux
must remain constant.

No comparisons are possible. Only Bittner added any Ar to the
C,H,/0, mixture, and to obtain his mole fractions, he assumed that
the mole fraction always was 0.05, the feed mole fraction.

Mass 41 (HCCO and/or CsHs). — After isotopic correction, a
low-mass 41 signal with contributions from CsHs and HCCO could be

detected. Ionization potential measurements gave 9.3:0.7 eV at 0.276
cm from a segment that was reasonably linear over 9.7 to 12.2 eV
(ref. Ar) and 9.3$0.2 eV at 0.294 cm over 9.7 to 11.7 eV (ref.Ar).
The latter curve could also be treated as having two ionization
potentials at 8.3 and 10.0 eV.

No ionization potential has been reported for HCCO, but it can
be calculated to be 10.3:0.3 eV (Appendix G). THe ionization
potential for Cs;Hs (allyl radical) is 8.07:0.03 eV (Rosenstock et
al., 1977). Thus the ionization potentials that were measured are
consistent with comparable concentrations of C.Hs and HCCO. The
relative slopes indicate that HCCO dominates, possibly by an order of
magnitude.

The profile for mass 41 (Fig. IV.19) was measured at 10.3 eV
(ref. Ar; setting 10.50 eV) and the calibration factor was calculated
assuming that only HCCO was present. If all the signal were C,Hg,
the mole fractions would be lower by a factor of 1.9. A maximum mole
fraction of 3.7-:10-5 was observed at about 0.35 cm.

Delfau and Voveile report profiles for mass 41 as C.H;.
Interpolating their maxima would give a maximum of 5.7-10-5 at 0.38
cm (mean of 5.9:10-5 at 0.33 cm and 5.4:10-5 at 0.43 cm), which would
be 3.0:-10-5 if the signal were interpreted as HCCO. The two profiles
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are thus similar in magnitude, but the uncertainty remains about the
relative proportions of C;H; and HCCO.

Mass 42 (CH2CO and/or CzHs). - Ketene (CH,=C=0) has been
proposed as a key intermediate in acetylene oxidation. Mass 42
cannot be identified specifically as CH,CO by ionization potential,

but the presence of CH,CO is confirmed by mass 14. At that mass, an

appearance potential of 13.71:0.09 eV for a strong fragmentation was
measured, corresponding to CH,* from CH,CO (13.8%0.8 eV).

CH,CO and CsHg have ionization potentials of 9.61 and 9.74 eV,
respectively (Rosenstock et al., 1977). This difference is too small
to be resolved here, as shown by the measured ionization potentials
of 9.1#0.3, 9.6:0.1, and 9.4%0.1 eV (ref. Ar). Because of the
likelihood and evidence of CH,CO, the calibration factor was
calculated assuming an ionization cross-section for CH,CO. If all
the signal were due instead to C;Hg, the mole fractions would be
lower by a factor of 1.9. The species profile was measured at 10.3
eV (ref. Ar; setting 10.50 eV).

The profile for mass 42 (Fig. IV.20) had a maximum of 7.2-10"4
at 0.14 cm and declined to 3.2:10"4 at 3.9 cm. Delfau and Vovelle
report profiles for mass 42, attributed to CH,CO at ¢=2.2 but to
"CH,CO/C Hs" at ¢=2.6. Interpolation of the maxima gives 6.3:10-49 at
0.32 cm (mean of 6.6-10-% at 0.26 cm and 6.0:10-¢ at 0.38 cm), quite
similarly to the present data.

Mass 43 (CHzCO and/or CzHz). — No signal due to these species
was detected at 0.294 cm. Isotopic correction reduced the possible

mole fraction to (0.1$1.2)-10-5 if mass 42 was assumed to be CH,CO.

The "mole fraction" would become significantly negative if the
isotopic correction were due instead to C,Hg, indirectly supporting
the assignment of mass 42 to CH,CO.

Mass 44 (CH:CHO and/or C3Hs). — These are species of mass 44
with ionization potentials 10.23 and 11.0 eV, respectively, compared
to CO, at 13.77 eV. At 0.039 cm, ionization potentials of 9.9#20.7 eV
and 13.6%0.15 eV were measured for mass 44, but at 0.294 cm, only the
ionization potential of CO, was detected. The level of CH,CHO at
0.039 cm was estimated to be less than (845)-10-5. No data are

available for comparison.
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Fig. IV.21. Data profile for CO, (O) in a laminar, premixed
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124



Mass 44 (COz). — Carbon dioxide is normally expected to be an
end product of combustion, but the profile of Figs. IV.1l and IV.2

shows that the mole fraction of CO, rises rapidly and then declines

due to destruction reaction(s). The signal was measured at 18.7 eV
(ref. Ar; setting 19.00 eV), and the terms in the calibration factor
were measured directly.

The maximum mole fraction of CO, is 0.086 and occurs at 0.70
cm. At 3.9 cm, the mole fraction has declined by 15% to 0.073,
compared to Bittner’s estimate of 0.061 at that point. 1In Fig. IV.21
the data of Bonne et al. are shown for comparison. Their data have
very much the same shape as observed here. The highest data point
was 0.078 at 0.98 cm, and the data within the range of positions 2 to
5 cm are all approximately 0.068. Finally the profiles of Delfau and
Vovelle may be interpolated to give a maximum of 0.069 at 0.85 cm
(mean of 0.074 at 0.9 cm and 0.063 at 0.8 cm) and a value of 0.055
(from 0.062 and 0.048) at 2.5 cm. Considering the differences among
the experiments, all the data are in reasonable agreement.

CaH. - Estimation of the ionization potentiul gives 5.1:0.1 eV
(Appendix G). Appearance potentials from C,H, and C,H, occur at 12.1
eV (Rosenstock et al., 1977), but no signal at mass 49 could be
detected at 0.32 cm for electron energies as high as 13.35 eV
(ref. Ar; setting 13.50 eV). An appearance potential at 15.]1 eV was
observed, possibly due to C,Hg (15.75 eV). The upper limit to the
mole fraction at this point is (2#3)-10-6¢.

CqHz. - The ionization potential of diacetylene was measured as
10.720.1 or 10.2¢0.1 eV (ref. Ar) compared to a literature value of
10.18 eV (Rosenstock et al., 1977). 1Its profile was measured at
12.85 eV (ref. Ar; setting 13.00 eV).

C,H, persists in the post-flame zone as the hydrocarbon with the
second highest mole fraction after C,H,. As shown in Fig.

IV.22, it rises abruptly to nearly 1% (mole fraction 9.7-10-3) at
0.65 cm and then gradually declines to 3.0:10-23 at 3.9 cm. Shape and
magnitude agree well with the data of Bonne et al., which have a
maximum of 0.008 near 0.7 cm. For further comparison, interpolating
the maxima of Delfau and Vovelle gives 5.8:10-3 at 0.9 cm (mean of
4.7-10-3 at 0.82 cm and 6.8:10-3 at 1.0 cm).
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CaHs. — The two most likely isomers of C,H; in the flame are
1C,Hs (HCaC—CH=CH:) and 2-C,H, (HCaC—C:=CH,). The closeness of
their icnization potentials and the noise resulting from the large
isotope correction from C,H, prevent resolution of the isomers.
Estimation of the ionizaton potentials (Appendix G) gives 8.4 eV for
2-C,H, and 8.9 eV for 1-CH,, while measurement gives 8.6%0.65 eV
(ref. Ar).

The more stable isomer by 12 kcal/mol is 2-CH,; (Appendix G).
If the two isomers are in partial equilibrium, then 2-C Hs would
dominate the signal by 20/1 at 2000 K. Partial equilibrium could be
established late in the flame by H-abstraction reactions from C(H, or
H addition to C,H,, but early in the flame 1-C,H, may be formed by
direct addition of C,H to C,H,, a route that is not available to form
2-C,H;. 1In this region, 1-C,H, could exceed an equilibrium level or
even could exceed 2-C(H,.

Mole fraction data for C,H, were measured at 10.85 eV (ref. Ar;
setting 11.00 eV). The profile for C,H, was measured at 10.85 eV
(ref. Ar; setting 11.00 eV). Fig. IV.23 defines the level of C.H, in
the region below 0.5 cm, where deposits on the probe are not a
problem. [At 10.85 eV, the isotopic contribution from C,H, was
greater than 80% of the signal for mass 51 beyond 0.5 cm, so slight
noise in mass 50 causes very noisy data there. Nevertheless, @&
nonzero signal with an upper limit 2-:10-5 in the post-flame region
can still be identified within the scatter.]

At less than 0.5 cm, the shape and magnitude of the profile are
well-defined. The isotopic contribution of C,H, falls to 60 to B80%,
but mass 50 and 51 signals each contain less noise. This increased
proportion of C,H,; relative to the C,H, effect is quantitatively
consistent with its formation by addition reactions such as C,H +
C,H,. In the lower temperatures near the burner, this exothermic
addition reaction is faster than at higher temperatures because of
fall-off (Chapter VI).

No other data on C,Hs; have been reported.

CsHa. - The identification of mass 52 as vinylacetylene
{3-butenyne or HCaC-CH=CH,) was established by measurement of the
ionization potential as 9.95:0.2 eV at 0.138 cm (ref. Ar).
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In comparison, ionization potentials from Rosenstock et al.
(1977) are 9.25 eV for butatriene (CH,=C=C=CH,) and 9.87 eV for
vinylacetylene. The profile was measured at 12.85 eV (ref. Ar;
setting 13.00 eV).

This profile (Fig. IV.24) early in the flame is characterized by
rapid increase to a maximum mole fraction of 1.8:10-¢ at 0.31 cm,
followed by rapid decline. This general behavior was also detected
by Bonne et al., whose maximum was approximately 5-10-4 at 0.6 cm.
(The difference in position and magnitude may be due to different
temperatures or to calibration uncertainties in one or both
experiments).

However, the present data extend beyond this peak in the data,
showing that C,H, mole fraction goes through a minimum of 7-10-¢ at
about 2.5 cm and then rises through the rest of the flame by 40% (at
3.9 cm). Beyond 1.0 cm, Bonne et al. reported no data for CH,.

Delfau and Vovelle show only the maximum in their flames of
#=2.2 (to 2.8 cm) and #=2.6 (to 3.0 cm). Interpolation predicts a
maximum of 1.6-10-% at 0.55 cm (mean of 9.5:10-% at 0.5 cm and
2.2:'10-% at 0.6 cm). The absence of the subsequent minimum and rise
may be due to the narrower range of positions examined, but the
hotter temperature profile is most likely the cause.

CaHs. - Just as for C,H., two isomers of C,Hs are likely:
1-C.Hs (CH,=CH-CH=CH-) and 2-C ,Hs (H,C=CH-C-=CH,). From appearance
potentials in the literature, the ionization potentials of these
species can be estimated to be 7.7 and 7.2 eV, respectively (Appendix
G). This distinction is too small to be resolved by measuring
ionization potentials in this apparatus (resolution 0.5-1 eV). At
0.318 cm, the ionization potential was measured to be 8.9:0.25 eV
(ref. Ar).

Again, equilibrium would favor 2-C H,, but kinetics could cause
1-C4Hs to dominate early in the flame. Heats of formation for 1- and
2C.Hs are 84 and 73 kcal/mol (Appendix G), so the equilibrium ratio
at 2000 K would be 16/1 in favor of 2-C,Hs. However, formation of
C.Hg by addition of C,Hs to C,H, could only lead to 1-C,Hs. Also,
Cole (1982) showed quantitatively that formation of C,Hs by
H-abstraction from 1,3-butadiene would favor 1-C Hs kinetically.
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The profile for C,Hs (Fig. IV.25) was measured at 10.85 eV
(ref. Ar; setting 11.00 eV). The data are less scattered than for
C.,Ha, but signal noise and isotopic correction again lead to signi-
ficant scatter. Nevertheless, the data points outline the profile
quite well. The maximum mole fraction is approximately 9.7-10-© at
0.22 cm. No other data have been reported that might be compared.

CaHs. - Mass 54 is probably 1,3-butadiene. Measurement of its
ionization potential gave 9.120.1 eV (ref. Ar), compared to 9.06 and
9.2 eV for trans- and cis-1,3-butadiene, 9.23 for the 1,2-butadiene,
9.56 for 2-butyne (1,2-dimethylacetylene), and 10.13 for l-butyne.
Other possibilities for which no ionization potentials have been
reported, are ethynylaldehyde (HC=C—-CH=0) and CH,=C=C=0, structures
iscelectronic with C,H; species. The absence of acrolein at mass 56
suggests these oxygenates are also absent.

The C Hg profile was measured at 10.85 eV (ref. Ar; setting
11.00 eV) and is shown in Fig. IV.26. It displays a rapid rise to
5.0-10-5 at 0.17 cm, then gradually declines to a minimum of 5-10-8
at 1.9 cm and rises again to 7:10-7 at 3.9 cm.

No C.H¢ data are reported elsewhere for comparison.

CaHs. - Measurement of the ionization efficiency at 0.318 cm
indicates that C,Hs is present with a mole fraction of 1.5:10-% and
occurs as dimethylethene structures. Identification is based on the
ionization potential of 9.1:0.6 (ref. Ar), which was compared to
2-butene at 9.13 eV, isobutene (2-methylprcpene) at 9.23 eV, l-butene
at 9.58 eV, and acrolein (CH,=CH-CH=0) at 10.1J eV).

CsHe., - Mass 62 can only be CsH,, a species analogous in
structure to C3H,. Its most stable structure would be a resonantly
stabilized diradical with terminal hydrogens on a chain of sp
carbons. The measured ionization potential was 8.0#0.1 eV at 0.395
cm, linear over 8.3 to 10.8 eV (ref. Ar). No literature value is
reported.

The profile for CsH, (Fig. IV.27) was measured at 10.5 eV
(ref. Ar; setting 10.25 eV). Profiles for CsH,—CsHg were measured
during the same experiment and were corrected for isotopic
contributions. The profile for CsH, rises quickly to a maximum of

1.8:10-5 at 0.65 cm and then declines steadily.
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Delfau and Vovelle emphasized C, and Cs species in their
studies. They observed CyH, at similar levels to those shown in
Fig. IV.27. Interpolating between the positions and magnitudes of
their maximum mole fractions at #=2.2 and 2.6, an maximum of 2-10-5
at 0.79 cm can be estimated if they had sampled at #=2.40 (mean of
3.8:10"¢ at 0.73 cm and 3.8-:10-5 at 0.85 cm). This result is in
excellent agreement with the present data.

CsHi. - The species at mass 63 with an ionization potential of
8.4:0.25 eV (ref. Ar, 0.395 cm) must be CzgHs. Usual references for
ionization potentials report only appearance potentials for CzHs*.
Bittner (1981) reported a species of mass 63 with an ionization
potential of 9.1 eV (ref. benzene). He proposed that it might be
HCeC-CoC—CH,-, similar in structure to C,H, and having three
resonance structures.

A profile for CsH, was measured (Fig. IV.28) using an electron
energy of 10.5 eV (ref. Ar; setting 10.25 eV). As for CszH,, only a
maximum was observed, 5.5-10-5 at 0.46 cm. By comparison,
interpolation of maxima from Delfau and Vovelle gives 3.3:10-5 at
0.82 cm (mean of 1.3:10-5 and 5.2-10-5 at 0.82 cm). This is slightly
lower than in Fig. IV.28 but well within calibration uncertainty, and
the position of the maximum is further from the burner.

CsHs. — This species is probably an ethynyl-substituted C.H,,
either HC=C-CsC—CH, or HCsCC=C=CH,. 1Its ionization efficiency was
not measured successfully at 0.395 cm, so an ionization potential of
9.5 eV was estimated based on propyne and allene.

The profile shown in Fig. IV.29 was determined from measurements
at 10.5 eV (ref. Ar; setting 10.25 eV). Again, a simple maximum was
observed with mole fraction 6.3:10-5 at 0.36 cm. Interpolation from
the work of Delfau and Vovelle leads to a value of 2.8-10"5 at 0.7 cm
(mean of 2.2°10-5 and 3.4:10"5 &t 0.7 cm). These values are in good
agreement considering calibration uncertainties and differences in
the temperature profiles.

CsHs. - At mass 65, a cyclic, resonantly stabilized species
becomes a possibility. CgzHs could be cyclopentadienyl (8.56 eV) or a
noncyclic radical, quite likely an ethynyl-substituted allyl (8.1 eV

estimated from allyl). An approximate ionization potential of
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9.6+0.6 eV was determined at 0.395 cm after isotopic corrections, but
the apparent absence of cyclopentadiene at mass 66 would make
cyclopentadienyl unlikely. Still another possibility is ethynylketyl
(HC®~C :=C=C0 or HC :=C=C=C=0), which would have an ionization
potential of about 10.320.3 eV by analogy to HCCO (Appendix G).

A noisy signal was extracted after measurements at 11.3 eV
(ref. Ar; setting 11.00 eV). The maximum for the profile (Fig.
IV.30) is approximately 1.8:10-5 at 0.39 cm with the calibration
based on the identity as CsHs. If mass 65 were ethynylketyl, then
the mole fractions would be higher by a factor or two.

Interpolation of maxima from Delfau and Vovelle gives 1.8-:10-5
at 0.6 cm (mean of 1.6:10-5 at 0.6 cm and 1.9:10-5 at 0.55 cm).
Despite experimental difficulties, those measurements are in good
agreement with the present data.

Mass 66 - CsHs and/or C4H20. — An ionization potential of
9.6%0.6 was measured for mass 66. Cyclopentadiene (8.57 eV) and
l1-penten-3-yne (CH,=CH-C=C-CH,, 8.1 eV) then would be unlikely, while’
better possibilities are 3-pentenyne (HCsC-CH=CH-CH,, 9.14 eV) and an
ethynyl-substituted ketene (HCaC-CH=C=0, approximately 9.6 eV by

analogy to ketene).
The profile for mass 66 (Fig. IV.31) was measured at an electron

energy of 11.3 eV (ref. Ar; setting 11.00 eV) and its calibration
factor was based on the species being CsHe. Mole fractions would be
higher by a factor of two if mass 66 were C ,H,0. These measurements
reveal an early maximum of 4.6:10-5 at 0.23 cm, followed by a later
minimum of 8.2-10-7 at 2.25 cm and subsequent rise to 2.8:10-¢ at 3.9
cm.

Delfau and Vovelle observed the maximum but did not report any
data beyond 1.4 cm, into the region of the minimum. They identified
the species as Cslg. From their data at ¢=2.2 and #=2.6, the maximum
for #=2.4 in their hotter flames would be 2.5:10-5 at 0.48 cm (mean
of 0.79:10-5 at 0.47 cm and 4.1-10-5 at 0.48 cm). This maximum is in
fair agreement with the present data. .

Delfau and Vovelle also report a CzH, species, which was not
examined here. Interpolation of their maxima for CsH, gives 2.1-:10-5

at 0.35 cm.
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CsH. - No CeH could be detected in measurements at 0.544 cm.

If the ionization potential is 12 eV, as for C,H, the signel at 13.8
eV (ref. Ar) leads to an upper limit on the mole fraction of

(0.8+3) :10-¢. At 14.6 eV and above, fragmentation of CcH, was
apparent.

CeH2. — Mass 74 must be triacetylene HCsC—-CaC—CaCH (9.820.1 eV,
Rosenstock et al., 1977). This identification is confirmed by
measurements of the ionization potential as 9.76+0.19 and 9.84$#).1 eV
(ref. Ar) at 0.483 and 0.544 cm, respectively. Triacetylene was also
detected in the GC/MS analysis.

The profile shown in Fig. IV.32 was measured at 12.8 eV
(ref. Ar; setting 13.00 eV). It rises rapidly to a maximum of
1.3:10-3 at 0.70 cm and then declines steadily.

Measurements of Bonne et al. and of Delfau and Vovelle may be
compared to these data. The data points of Bonne et al. are shown on
the figure to have the same shape as observed here. Their highest
value was 1.7:10-3 at 1.0 cm, similar in magnitude but further from
the burner than the present maximum. Delfau and Vovelle also found
the same shape. Interpolating their maxima yields an estimated
maximum for ¢=2.4 of 4.8:10"¢ at 0.9 cm (mean of 2.1:10-4 at 0.81 cm
and 7.4:10-¢% at 1 cm). This is a factor of three lower than the
present maximum or that of Bonne et al., although with a similar
position. Calibration uncertainty is probably the source of
difference.

CsHz. — Measurement of this species was not attempted because
of the large isotopic contribution at mass 75 from CgH,, 6.6% of mass
74.

CeHa. — The experimental profile (Fig. IV.33) shows an appreci-
able amount of this species, reaching 5.2-10-5 at 0.45 cm, but its
identity or identities remain uncertain. Three isomers seem likely:
benzyne, a highly strained aromatic ring containing a triple bond
{(9.45%0.2 eV); 3-hexen-1,5-diyne (HC«C-CH=CH-C®CH, 9.60:0.2 eV); or
5-hexen-1,3-diyne (HC»C-CmC-CH=CH.,, unknown ionization potential).
Measurements of the ionization potential were 9.5:0.2 eV at 0.483 cnm
and 9.7¢0.2 eV at 0.544 cm, consistent with each of the above values.
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GC/MS analysis of the microprobe sample showed only one peak
with a2 molecular ion of mass 76. [Other mass 76 species could have
been eluted earlier but would have been discarded with the solvent
peak.] The sample was collected at a probe-to-burner distance of
0.450 cm, where (ignoring any flame perturbation by the microprobe),
the total-ion count (GC/MS output) for the single mass-76 species was
8.2% of that for C¢H,. By comparison, CgH, was 8.4% of CgH, as
measured by MBMS.

The profile for C¢H, was measured at 12.8 eV (ref. Ar; setting
13.00 eV). In addition to the maximum described above, a minimum of
5.9:10-¢ at 2.65 cm also occurred (Fig. IV.33).

Delfau and Vovelle report a profile for CgH, at #=2.6 but not at
¢=2.2. That profile had a maximum mole fraction of 2.2-:10-5 at 0.8
cm, lower and further from the burner than the maximum in Fig. IV.33,
but the differences of equivalence ratios and temperatures makes this
a rough comparison at best. Bonne et al. noted the presence of CgH,
but reported no profile. '

CsHs. - This signal could result from phenyl radical (8.120.1
eV) and/or from noncyclic radicals such as HCaC--CH=CH-CH=CH -
(approximately 8.95 eV by analogy with C,H.). At 0.544 cm, no
ionization efficiency curve could be detected after the isotopic
correction due to C¢H¢ was made.

Nevertheless, a profile was attempted (Fig. IV.34) at 10.3 eV
(ref. Ar; setting 10.5 eV). The isotopic contribution from CgH, was
assumed to be 1.56% of the 12.8 eV, isctope—corrected signal for mass
76, based on the ionization efficiency data. The calibration factor
was estimated by the voltage method (Ch. III), probably with an
uncertainty of a factor of three. A maximum of 10-¢ may be occurring
at about 0.2 cm, but the value of the data are really limited to
describing the magnitude of the signal.

No other data are available for comparison.

CeHs. — Mass 78 is predominately benzgne (1P=9.25 eV), as
inferred from ionization potentials and GC/MS analysis. The
principal alternatives would be the noncyclic hydrocarbons
3,5~-hexadienyne (HC «C~CH=CH-CH=CH,, 9.5 eV) and 1,5-hexadien-
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3-yne (H,C=CH-C=C-CH=CH,, 10.5 eV). Measurement of the ionization
potential at 0.395 and 0.483 cm gave 9.4$0.4 and 9.15¢0.4 (ref. Ar),
respectively, eliminating the second linear species.

GC/MS of the microprobe sample from 0.45 cm showed two GC peaks
having molecular icns of mass 78. The earlier peak, eluting before
CeH,, was an aliphatic molecule (or molecules) with 1.4% of the
total-ion count relative to CgH,. The second peak was benzene. It
followed CgH, and was 4.9% of the total-ion count of CgH,. These
measurements imply that at this position, 77% of C¢He was benzene.
For further comparison, the total-ion counts suggest that CgHg is
6.3% relative to CgH,, while MBMS gives 3.1% at 0.45 cm and 7.2% at
0.40 cm. Again, the two methods show excellent agreement within the
position uncertainty due to microprobe perturbation of the flame.

CegHeg reaches a maximum mole fraction of 4.0-:10-5 at 0.28 cm, as
shown in Fig. IY.35. This profile was measured at 12.8 eV (ref. Ar;
setting 13.00 eV). Interestingly, the profile also has a minimum of
1.7-10-¢ at 1.8 cm, and it rises by a factor of three in the next 2
cm.

Delfau and Vovelle showed profiles for C¢Hg both at ¢=2.2 and
#=2.6. In the former flame, data were collected only at 1.2 cm or
less, so the region of the minimum was not reached. At ¢#=2.6, a
minimum may have been detected if the highest point (3 cm) is too
low. To estimate the maximum at ¢=2.4, the mean for the two flames
was 2.6-10-5 at 0.5 cm (from 3.2-10-5 at 0.45 cm and 1.9:10-5 at 0.55
cm), virtually the same mole fraction as measured here within
calibration uncertainty. Again Bonne et al. observed CgHg but
reported no profile.

Masses 79-81. - None of these species were detected despite

attempts to measure ionization potentials at 0.544 cm.

Mass 79 has several isomers, including cyclohexadienyl,
methylcyclopentadienyl, aliphatic Cg¢H, species, and CsH,0 species.
Based on an estimated ionization potential of 8.0 eV and ionization
cross-section, the signal (isotope-corrected) gave » "mole fraction"
of (-0.121.1)-10-%, corresponding to an upper limit of 10-¢ at 0.544
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Mass 80 could be 1,3-or 1,4-cyclohexadiene, aliphatic CgHe such
as hexatriene, and/or CsH,0 species such as cyclopentadienone.
Again, an upper limit of 10-¢ was determined at 0.544 cm, derived
from the "mole fraction" of (-0.2:0.7)-10-6.

Mass 8l could be C¢Hg or CsHs0. Assuming it is cyclohexenyl
(7.54 eV), the upper limit at 0.544 cm is 5:10-8, based on a "mole
fraction" of (-0.5$5)-10-8.

Benzyl radical - C7H7. - If mass 91 is benzyl, its upper limit
at 0.395 cm is 10-¢, based on (0%1.3)-10-6.

Toluene. -~ GC/MS analysis at 0.45 cm shows three peaks for
species of mass 92, but 95% of the total is toluene. By reference to
the mole fraction of CgHe (phenylacetylene), the mole fraction of
toluene at that point is 4:10-7. This value is consistent with
attempts to detect C,H, at 0.395 cm, which indicated that its mole
fraction was less than (5:6)-10-¢,

CsH2. - The polyacetylene Cq,H, (9.09t0.02 eV, Levin and lias,
1982) had measured ionization potentials of 9.8:0.3 eV at 0.395 cm
and 8.95¢0.35 eV at 0.900 cm (ref. Ar). It also appeared in the
GC/MS analysis, eluting between the C, and Cgo aromatic hydrocarbons,

Jjust prior to phenol.

The profile for C,H, (Fig. IV.36) was measured at 13.8 eV
(ref. Ar; setting 13.50 eV). It began to appear (less than 10-7) at
about 0.25 cm and reached a maximum of 7.4:10-5 at 0.68 cm.

These results can be compared with those of Bonne et al. and of
Delfau and Vovelle. Bonne et al. show a curve without data points
for CgH,. Their maximum mole fraction wes 3.6-10-¢ at 1.1 cm.
Interpolation of the Delfau and Vovelle results to #=2.4 predicts a
maximum of 5-10-% at 1.0 cm (mean of 3.0-10-5 at 0.9 cm and 7:10-5 at
1.1 cm). This interpolation from Delfau and Vovelle is very similar
to the present results, while the reported maximum of Bonne et al. is
higher by a factor of five to seven than the other two studies.

CsHs. — Phenylacetylene (ethynylbenzene) makes up 92X of mass
102 at 0.45 cm, according to analysis of GC/MS data. Four additional
species of mass 102 were detected eluting after phenylacetylene,
probably aliphatic C,Hg species containing two double and two triple

bonds. The measured ionization potential was 9.8:0.5 eV (ref. Ar) at
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Fig. IV.36. Data (O) and smoothed curve for CeH, in a laminar,
premixed flame of C,H,/0,/5% Ar, #=2.40, 2.67 kPa (20 torr), and
0.5 m-s~! velocity of unburned gas (298 K).

147



0.395 cm. This is somewhat high relative to the literature value
(8.75 eV, Levin and Lias, 1982), but in the same way that C,H, had
beener in the same series of ionization efficiency measurements (same
mass—-spectrometer tuning, same position).

Figure IV.37 shows the profile for CaHe¢, which was measured at
13.8 eV (ref. Ar; setting 13.50 eV). The species becomes detectable
at 0.04 cm, reaches a maximum of 3.3:10-¢ at 0.35 cm, falls to a
minimum of 1.6:10-7 at 1.8 cm, and rises again by a factor of two in
the next 2 cm.

Delfau and Vovelle report slightly higher numbers. Their
maximum for ¢=2.2 was 4.7-:10-¢ at 0.55 cm, and for #=2.6 it was
8:10-% at 0.65 cm. Interpolating, at #=2.4 they would have observed
a maximum of 6:10-¢ at 0.6 cm. They do not show a minimum at ¢=2.6,
and their data at ¢=2.2 end at 1.4 cm.

CsHs. - Analysis of the sample by GC/MS indicated that this
mass was principally styrene (ethenylbenzene). No signal was
detected at 0.395 cm, so its mole fraction is less than 2-10-7.

CioH2. — The species at mass 122 is most likely the
polyacetylene C,o,H,. Benzoic acid (9.73 eV), hydroxybenzaldehydes
(about 9.3 eV), propylbenzenes (8.7 eV), and trimethylbenzenes (8.3
to 8.6 eV) also have molecular weights of 122, but the absence of
smaller, similar compounds makes these unlikely. At 0.900 cm, an
ionization potential of 10.4:0.7 eV (ref. Ar) was measured. This is
very similar to literature values for the other polyacetylenes: 10.2
eV for CiH,, 9.8 eV for CgHz, and 9.1 eV for C4gH,. To measure the
profile, an electron energy of 13.8 eV (ref. Ar; setting 13.50 eV)
was used.

The profile shape is consistent with those of the other
polyacetylenes, further supporting the identification. The profile
(Fig. IV.38) begins slightly further from the burner than for CgH,,
then rises to 7.3:10-¢ at 0.78 cm , and slowly declines to a minimum
of 1.4:10-7 at 3.10 cm. Bonne et al. did not show a profile for
C,0H2, and the data of Delfau and Vovelle shggest a maximum of 5-10-6
at 1.1 cm (mean of 4.3:10-¢ at 0.95 cm and 5:10-6 at 1.2 cm).

CioHs. — The mole fraction of C; Hg at 0.395 cm was less than
(1¢1)-10-¢ by MBMS.
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Fig. IV.37. Data (0) and smoothed curve for CsHg in a laminar,
premixed flame of C,H,/0./5% Ar, ¢=2.40, 2.67 kPa (20 torr), and
0.5 m-s~! velocity of unburned gas (298 K).
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Fig. IV.38. Data (0O) and smoothed curve for C,,H, in a laminar,
premixed flame of C,H,/0,/5% Ar, ¢=2.40, 2.67 kPa (20 torr), and
0.5 m-s-1 velocity of unburned gas (298 K).
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CioHe — Naphthalene. — At 0.395 cm, the ionization potential
was measured to be 9.8:0.7 eV (ref. Ar), which compares poorly to the
literature value of 8.14 eV.

Calculating the calibration factor based on the measured
ionization potential, the mole fraction of C;,He was 4.7-10-7 at
0.395 cm.

IV.4. Analysis of heavy species by GC/MS
From a microprobe sample collected at 0.45 cm, 174 peaks were

identified by their structures or molecular weights, which ranged
from 68 to 180. Some of this information was used above to resolve
isomers of CgHg, CoHa, and CqHg. A summary of all the identified
GC/MS peaks is presented in Table IV.2 along with estimates of their
mole fractions, and the data set is presented in more complete form
in Appendices H and I.

Determination of identities and mole fractions. — The probe of
Faist (1979) was used, but the molecules of interest were trapped

from the gas stream in a small filter basket filled with 4 g of XAD-2

resin, a styrene/divinylbenzene copolymer. Sample was collected for
4:00:00 hr. To exiract the sample from the XAD-2, dichloromethane
was used in a 50-ml Soxhlet apparatus. The liquid was evaporated to
0.2 ml using a stream of N,, maintaining the liquid near room
temperature using a water bath.

The resulting sample was analyzed by GC/MS in a Varian 3700 gas
chromatograph and Finnigan MAT 212 mass spectrometer in the
Department of Chemistry. GC separation was effected with 1.5 ml/min
of helium carrier gas i~ %« 30 m DB-5 fused-silica capillary column,
ramped in temperature from 45 to 180°C. Electron energy was 70 eV,
and a spectrum was scanned from 45 to 500 amu every 3 s.

Species were identified both by mass spectrum and by elution
time where possible. Correlated or predicted relative elution times
(retention indices) were used in some cases. The reader should keep
in mind that presence of a species does not necessarily mean that the
species is present (at least at this concentration) in the flame

because radical recombination can occur in the microprobe.
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Table 4.2. Summary of species detected by GC/MS.

Molecular Multiple Mole fraction
weight Species Peaks? x10¢ (ppm)
68 c;H. or C4H40 - 8
74 CeH> — hexatriyne - 700
76 CQ.H4 - 40
78 Benzene - 20
Other Cg¢Hg 3 8
88 CoH, 5 0.5
90 Colg 12 0.4
92 Toluene - 0.3
Other C,H, 9 0.05
94 Phenol (Csngou) - 0.7
C-’H’o; other CQHSO - 0.009
96 C-)H’z or CQHQO - 0.01
98 CeH, — octatetrayne - 20
100 CeH, - 0.7
102 Phenylacetylene - 2
Other CQHQ; C7H40 13 0.7
104 Styrene - 0.4
Other C.H.; C-;HGO 16 0.3
106 Ethylbenzene - 0.3
m— and/or p-Xylene - 0.04
o-Xylene - 0.02
Benzaldehyde - 0.04
Other C.H‘ -] C—,HBO 4 0.07
108 Benzyl alcohol - 0.08
o~Cresol - 0.04
Other C-,H.O - 0.02
112 CoH, - 0.05
114 CoHg 4 0.2
116 Indene - 1
Other CgHge; CgHL0 8 0.2
118 CQH3° or c.Hgo 5 0.03
120 09H12 or CQH.O 3 0.02
122 Not detected
126 Butadiynylbenzene - 0.2
Diethynylbenzenes 3 0.2
Other C; Hg - 0.009
128 Naphthalene - 0.7
Other CicHe; CgH 40 8 0.2
130 C, o“,c or CQHBO 15 0.6
132 C,oH ;2 or CgHgaO 3 0.04
134 Cng °0 or C.HaOz - 0.01
0.1

136 CQH‘ 20 or CQH.Oz -
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Molecular Multiple Mole fraction

weight Species Pesks? x10® (ppm)
A
140 C,He 4 0.1
142 2-methylnaphthalene - 0.08
l1-methylnaphthalene - 0.07
Other 01 3H1° - 0.07
144 C, ‘ng or C;oH;oo 4 0.7
150 C,.He 2 0.02
152 Acenaphthylene - 0.4
Other C 1 zH. 2 0.08
154 ngH,o or C; 1H50 6 0.09
156 C, zH,z or 01 ,H.O 7 0.05
166 C,;H,c or C‘zneo 3 0.06
178 C; 4H‘o or C; 3H30 - 0.1
180 Cyi4H;2 or C,sH0 4 0.02

153



The mole fractions were based on total-ionization signals from
the GC/MS mass spectra. These signals were sums of the counted ion
signals from given mass spectra, representing ionization and
fragmentation at 70 eV.

The signal is corrected for baseline drift and converted to mole
fraction by reference to MBMS data. For Cg’s, the mole fraction of
CeH, was used as the reference. These lightest species could be
reduced in concentration from the flame relative to heavier species
because they are more likely to be lost by evaporation during sample
preparation. For C,’s, the reference was to C,H,, for the reasons
above, but the conversion factor was quite close to that calculated
for CoHg. CaHg was the reference for C, species, and for heavier
species, the CgHg conversion factor was adjusted slightly downward
assuming that the signals were proportional to carbon number, as for
GC flame-ionization detectors.

Comments on species. — First, arcmatic and polyaromatic species

are observed as expected, but significant amounts of nonaromatic
species are also observed. These species are generally less abundant
than the aromatics, but this difference does not necessarily mean
that the aromatic species are more important to molecular—weight
growth. Relative abundance of any species may indicate a
higher—concentration reaction partner, but it could also indicate an
unreactive, "dead-end" species.

As an example of the presence of nonaromatics, consider mass
102. While most of that mass number is phenylacetylene, the only
possible aromatic species at mass 102, 13 nonaromatic peaks were
observed. If these are Cy,H¢ species, they most likely would contain
two triple bonds and two double bonds in a linear or branched
structure. Examples of the structures would be cis- and trans—
isomers of HC=sC-CH=CH -CwC-CH=CH,.

Likewise, no aromatics other than benzene and toluene occur from
mass 78 to 92, so in that range 29 peaks were observed that must be
nonaromatic. Similar contributions by nonaromatics can be inferred
up through mass 152.

Second, oxygenated aromatics are observed in appreciable

concentrations. Phenol, a likely oxidation product of benzene
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(Bittner and Howard, 1980; Bittner, 198l1), is present in higher
concentrations than any other species in the mass 88-96 range. By
using standards and the mass spectra, benzaldehyde, benzyl alcohol,
and cresol were identified, which are possible oxidation products of
benzyl radical or toluene. Identification of oxygenates at higher
masses is more difficult, but they are surely present.

Third, C,H- and C H-substituted aromatics are observed. Phenyl-
acetylene (ethynylbenzene) has long been reported as a flame species
in fuel-rich combustion, but only recently have similar, larger
species been identified (Bockhorn et al., 1983; Wenz, 1983) by
GC/MS. Some of the mass 116 species are probably ethynyltoluenes,
and some mass 130 species are probably ethynylindenes. Furthermore,
all three diethynylbenzenes were detected at mess 126 (for o—-, m—,
and p-CgHsC.H).

Butadiynylbenzene (C¢HsC,H) is present at a mole fraction as
large as those of the three diethynylbenzenes combined. This species
could be produced by successive additions of C,’s to benzene and to
ethynyl- or ethenylbenzene, by addition of C,H to benzene, or by
H-elimination from CgHs—CsC-CH=CH: or CgHs~-C®C-C-=CH,. The
identification of a C,~benzene suggests that formation of the second
ring (naphthalene vs. benzene) could occur by self-addition of a C,
terminal radical to the ring, such as C¢Hs—CsC—CH=CH-, or the
analogous self-addition of an ortho phenylic radical to the end of a
C, side chain.

C.H;— and C,Hs~benzenes are better indicators of the radicals
that would cause such processes. These species are surely present at
masses 128 and 130 but are not specifically identified here. Also at
masses 128, 130, and 132 would be the ortho-(C.,),benzenes that could

represent another growth mechanism for the second ring.
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CHAPTER V. TESTS OF LITERATURE COMBUSTION MECHANISMS

V.1l. Introduction
The ability to model flame structure of hydrocarbon flames was

demonstrated by Warnatz (1980). Since then, mechanisms of elementary

reactions for combustion have been proposed by Levy et al. (1983),
Miller et al. (1983), Warnatz (1983), Westbrook et al. (1983a,b), and
Westbrook and Dryer (1984) to model fuel-rich combustion. The mech-
anisms have been tested against measured profiles of concentration
but, at fuel-rich conditions, only for a few stable species (Miller
et al., 1983; Warnatz, 1983) and for H-atom in the post-flame region
(Levy et al., 1983). Features of the profiles were generally well-
predicted, and quantitative agreement was a factor of two or better.
However, to model such processes as molecular-weight growth and
nitrogen—fixation reactions of fuel-rich hydrocarbon flames,
accurate profiles of free radicals are required.

Published mechanisms are tested here for lightly sooting
combustion. Concentration profiles of 38 stable and free-radical
species were measured using molecular-beam mass spectrometry (MBMS)
in a low-pressure, premixed acetylene-cxygen flame (¢=2.40) similar
to one of the flames (¢=2.38) in the pioneering MBMS study of Bonne,
Homann, and Wagner (1965). Five mechanisms were tested using the
one~-dimensional flame model of Smooke (1982), Important reactions in
the mechanisms were identified using reaction-path analysis, a simple

type of sensitivity analysis.

V.2. Flame model and mechanisms

The flame code used here (Smooke, 1982) is a boundary-value
method which solves the flame equations of Ch. II.1l. It uses the
CHEMKIN reaction-kinetics computer codes (Kee et al., 1980) and the
transport—-properties codes of Kee et al. (1983), which includes both

molecular and thermal diffusion. Experimental profiles of area
expansion ratio and temperature were used in the calculations,
leaving reaction kinetics as the focus of this analysis.

Mechanisms that were tested were from Miller et al. (1983),
Warnatz (1983), Westbrook (1983b), Westbrook and Dryer (1984), and a
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modification from this work of the Warnatz mechanism. These are
referred to in the following discussion as MMSK, WZ, WB, WD, and WZ’,
respectively. The mechanism of Levy et al. (1983), mentioned in Ch.
V.1l as having been tested in fuel-rich flames, was not tested in this
work because of its limitation to 1 atm pressure and to temperatures
of 1992 to 2126 K.

For all but WZ, the present test is outside the range of
conditions that the other authors have given for their mechanisms.
Specifically, the mechanisms have not been tested before for an
acetylene flame that is so fuel-rich. Our intent is to test each
mechanism as faithfully as possible to the original authors’
descriptions. Previous ranges of testing and the types of adaptation
should be noted:

(1) Mechanism MMSK has been tested for C,H, oxidation in
low-pressure flames (#=0.09 to 1.56) and in shock tubes (Miller et
al., 1983). Miller et al. carefully examined CH,, C,H, and HCCO
reactions, but reactions of alkenes, alkyl radicals, and alkanes were
not included except for CH; and possibly allene (a gereral C,H, was
used). They expressed fall-off in a Lindemann form for three
reactions, which is fitted here to the semiArrhenius form
[ATBexp(~E/RT)] at 2.67 kPa. Rate constants for reactions in the
reverse direction are calculated from thermodynamics using
reversibility.

(2) The mechanism of Warnatz (WZ) was based on a review of rate
constants for elementary reactions (Warnatz, 1984) and previously has
been tested against data for fuel-lean and fuel-rich flames and for
shock-tube experiments (Warnatz et al., 1983). WZ is the form of the
mechanism specified by Warnatz (1983), with reverse reactions
included only for some reactions and their rate constants stated
explicitly. Fall-off curves (Warnatz, 1984) for seven of the
reactions are used here to fit semi-Arrhenius rate constants.
Finally, the rate constant of 3-10?3 cm3mol-!s-! which Warnatz used
for OH + C,.H, (and OH + C H,) was interpreted consistently with his
description as forming H and a ketene-like species, the latter being
destroyed by "fast reaction" with OH to form H, 2CO, and C,H, (or
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C4H,). An extreme value of 1014 cm®mol-1s~! was used for the second
OH reaction.

(3) The WZ mechanism was modified here as WZ’ to include
reverse rate constants from thermodynamics for any two-product
reactions that were not reversible in WZ.

(4) Westbrook, Dryer, and Schug (1983a) tested a mechanism for
ethylene oxidation (¢=0.125) and pyrolysis at 1-12 atm. All
reactions are stated as the high- or low-pressure limit for addition
or pyrolysis, and rate constants are reported explicitly for forward
and reverse directions. An updated tabulation by Westbrook (1983b)
is used here as WB.

(5) Westbrook and Dryer (1984) compiled 335 rate constants from
the above mechanisms and other data in their recent survey of
combustion chemistry. No tests of this reaction set were presented.
Fall-off is acknowledged but not included in the tabulated values,
and reactions are stated as reversible. Mechanism WD is selected
from this compilation.

Differences in thermodynamic data could make the mechanisms used
here different from the original authors because rate constants for
the implicitly reversible reactions are calculated using microscopic
reversibility. Where this calculation was made, thermodynamics from
the Sandia compilation (Kee et al., 1984) generally were used, with
the modifications of AHf,,45s=135 kcal/mol for C,H, 70.4 kcal/mol for
C,Ha (McMillen and Golden, 1982), and 4.2 kcal/mol for HO, (Howard,
1980).

Some species could be predicted but not measured, while others
were measured but are not listed in the mechanisms. As examples, CH,
CH,, and O-atom (obscured at mass 16 by CH;) were too low in concen—
tration to be detected, and profiles for mass 29 and 30 were measured
but HCO/C,Hs and H,CO/C,Hs were not resolvable. However, no mechan-
isms included C(H,, C(Hs, Cs species, CgH,, CgHs, CegHg, and C, or
heavier species, which were detected in the flame by MBMS and/or
GC/MS (Ch. IV).

The mechanisms as tested are tabulated in Appendices J.1 to J.5,
and solutions at the present flame conditions are included as

Appendices J.6 to J.10. Computer time required for each solution,
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including thermal diffusion and having the same convergence
criterion, ranged from 25 to 35 CPU-hours on a VAX 11/780 computer.

V.3. General comparisons
Data points and measured profiles from Ch. IV were used as tests

for the above mechanisms. For some purposes, the predictions are
quite satisfactory. There is deviation from the data, but profile
shapes and magnitudes for major stable species are usually in
approximate agreement with the data — within a factor of two in mole
fraction.

The profile for C,H, (Fig. V.1) illustrates the differences
among predictions in a case where all mechanisms agreed approximately
with the data. The mole fraction of C,H, at 4 cm was 4.5% experi-
mentally, while the predictions vary from 2.5 to 9.7%. Temperatures
and elapsed time for flow through the flame are also shown, which
also emphasizes that the flame is a steady—-state phenomenon, bv: that
it is not isothermal or static.

The predictions vary from the data by more than this factor of
two for other species, notably for the C;’s; MMSK and WD make
predictions for CgH,, C,H;, and C;H, that are one to two orders of
magnitude higher than the data. Each mechanism predicts some
profiles well and predicts some profiles poorly, as shown in Figs.
V.2 to V.31 for the rest of the species examined. As a rough
indication of predictive power, the predictions from WZ’ are good or

satisfactory for more species than from MMSK, WB, WD, or WZ.

V.4. Analysis of critical reaction paths
We can identify certain deficiencies in the mechanisms that are

especially important by analyzing the profiles of H,0, CO,, Cs’s,
C.H>, OH, and C,H,, which vary in shape and in magnitude from the
data.

The technique of sensitivity analysis that gave the most insight
was reaction-path analysis, in which reaction rates for the predicted
profiles are compared in order to identify sources and sinks for a
species of interest. These calculations included (1) the net rate of

species formation for each reaction, (2) the actual rate of formation
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or destruction by each forward or reverse step, expressed both
absolutely and as a fraction of the sum of formation (or destruction)
rates at a position, and (3) the cumulative amount of formation or
destruction, obtained by integrating the product of reaction rate and
A(Z) over distance.

First-order linear sensitivity coefficients (e.g., Kramer et
al., 1984) were calculated for the rate constants, using small
perturbations in a brute-force analysis. This information was less
useful, primarily because the system is not yet well-modeied by the
reactions chosen or by the rate constants used. In such a nonlinear
system, this classic type of sensitivity analysis is less useful. An
example of this limitation is the OH analysis below, which was
relatively insensitive to the rate constant in question. However,
the difference from other mechanisms was absence of a 10 kcal/mol
activation, which no linear sensitivity analysis could be expected to
examine.

H,0. — Reactions involving H,0 (Fig. V.10) in the WZ mechanism,

which gave the best predictions of shape and magnitude, are dominated

by

OH + H, - H.0 + H (1]
Hzo + H - OH + Hz [-1]
CH + Czaz - Hzo + CzH . [2]

H,0 is formed primarily by Rxn. 1 with a small contribution from Rxn.
2. The maximum occurs when destruction by Rxn. -1 balances
formation. Throughout the flame, Rxn. 1/-1 is never predicted to
reach partial equilibrium (net rate less than 5% of the forward or
reverse rate).

Among the other mechanisms, H,0 in WZ’ is slightly less than in
WZ beyond 0.4 cm lLa~ause the reverse of Rxn. 2 is included, which
then causes 48% of the destruction. MMSK overpredicts H,0 by
overpredicting OH, thus producing H,0 too répidly to be destroyed.

Overproduction of OH was caused by

CQHZ + HCO - CQHZ + OH [3]
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(discussed below).
WB and WD also cverpredict H,0. WB underpredicts H because

there is no H-producing CH,+0, channel, so H,0 is formed but Rxn. -1
is too slow to destroy it. WD has such a CH, channel, but H is still
underpredicted.

CO,. — The only important destruction reaction for CO, (Fig.

V.27) in the mechanisms is
H + CO, - CO + OH, (4]

but formation by the reverse reaction is supplemented in ail but WB

by one or both of the CH,+0., reactions:

CHz + 02 - C02 + Hz [5]
CHz + 02 - C02 + 2H . [6]

The peak in the CO, predictions of WZ and WZ’ is caused by
destruction (Rxn. 4) overtaking formation by a combination of

Rxns. -4 and 6. WZ’ predicts higher CO, concentration because CH, is
slightly higher than in the WZ case.

Destruction of CO, never exceeds formation in MMSK, WD, or WB,
so no maximum occurs. MMSK and WD use both Rxns. 5 and 6 with
somewhat different rate constants than in WZ and WZ’. The reactions
cause an overproduction of CO, in MMSK but make little CO, in WD
because CH, is higher than in WZ or WZ’ by a factor of ten in MMSK,
while it is lower by the same factor in WD. WB can only produce CO,
by Rxn. 4, causing it to gradually accumulate.

CaH,, CaHa, C.H, and C,H,. — The large overprediction of C,
species (Fig. V.23) by the MMSK and WD mechanisms affects many other
species, in part by tying up so much carbon. This effect on other
species is not observed in the other mechanisms because WB did not
include any C;’s, while the predictions of WZ and WZ’ for C,H, and
CsH, are much lower and closer to the magnitude of the data (C;H, was

not included).
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C.H, is produced from C,H, by OH attack (Rxn. -3) in MMSK and by
an O-atom attack in WD. Because no CsH, destruction reactions are
included except for the reverse of its formation paths, CsH, builds
up to excessive levels. This blocks the destruction of C,H, in WD
(Fig. V.28) and causes the overproduction of H.,O in MMSK.

Similarly, C;H; and C;H, are produced in MMSK predominantly by

the sequence:

Csz + CHz nd CsHa + H [7]
CsHs + H (+ M) - CsHs (+ M) , (8]

but C;H, is not destroyed effectively, causing a build-up of those
species. WD does not include C;H:;, but C.H, reaches 0.2% at 0.4 cm
(a reasonable value) and then changes little, in contrast to decaying

by 95% as seen in the data. The dominant C.H, destruction reactions

in WD are:

C,Hs + OH - CoH; + HCO {9]
CsH  + OH - C.H, + HCO, [10]

each with a rate constant of 1.0-°1012 cm3mol-1s-1, but neither
reaction is predicted to destroy C,H, effectively.

OH. - An interesting anomaly in the OH predictions (Fig. V.9) is
a secondary maximum predicted by WZ and WZ’ near the burner.

Formation of OH in WZ and WZ’ is dominated near the burner by:

H + HO, - 20H, [11]
but the rate constant for this reaction is not the source of error;
it is approximately the same for all the mechanisms examined.
Instead, it is the C,H; destruction reaction:

CzH3 + 02 - CzH, + HO, , [12]

which is used in all the mechanisms, that generates HO, too rapidly

at low temperatures in WZ and WZ’. Warnatz assumed a barrierless
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rate constant, while MMSK, WB, and WD include an activation energy of
10 kcal/mol. As a consequence, Rxn. 12 is about 3 orders of
magnitude faster near the burner in WZ and WZ’.

The absence of this anomaly in MMSK, WB, and WD does not mean
that their rate constant or even the reaction C,H,+0, is correct. 1In
fact, Slagle et al. (1984) found no HO, in a study of this elementary
reaction at 297-602 K, but the products were instead HCO+H,CO with a
different rate constant than used above.

C,Ha. - The impact of Rxn. 12 on the predictions is also seen in
the C,H; profiles (Fig. V.12) from MMSK, WB, WZ, and WZ’. C.H; is
produced rapidly at the burner by pressure-dependent addition of H to
C,H,, approaching the high-pressure limit at low temperatures. As
distance from the burner increases, C,H: is predicted to be destroyed
rapidly by 0, attack, while the experimental mole fraction is more
nearly constant.

The prediction by WD corresponds much better to the experimental

results. WD includes a pyrolysis reaction:
CgHs - CzHg + CH3 [13]

that maintains a higher mole fraction of C;H; beyond 0.57 cm.

(The reverse of this reaction accounts for the low mole fraction of
C,H: near the burner, consuming C,H; more rapidly than it can be
produced by H+C,H,.) The other mechanisms either do not include C,’s
heavier than C,H, (MMSK and WB) or do not link the lighter and
heavier C;’s (WZ and WZ’). 1If the WD rate constant for Rxn. 13 is
correct, then growth chemistry like this reaction is important in

determining the concentration of light hydrocarbon radicals.

V.5. Remarks on the other predictions

It was noted in Ch. V.3 that WZ’ gave satisfactory predictions
for more species than any of the other mechanisms. Nevertheless,
inspection of the predictions in Figs. V.1 to V.31 shows how varied

these predictions can be:
H (Fig. V.2): None of the mechanisms shows the sharpness of the
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peak that appears in the data, but each predicts the peak and is
within an order of magnitude of the data.

H, (Fig. V.3): The present data and those of Bonne et al.
(1965) had been in good agreement, but the predictions are
significantly kigh (WZ and WZ’) or low (MMSK, WB, WD), in each case
by about 8 mol%.

CH (Fig. V.4): Predictions vary by two or more orders of
magnitude for this species. Upper limits determined in the flame
imply that WZ and WZ’ overpredict CH, but the need for more data is
apparent.

CH, (Fig. V.5): Data appear to support the predictions of WZ
and WZ’ in the early part of the flame below 1700 K. Methylene
chemistry is especially neglected, as no existing mechanism takes the
fundamental distinctions between triplet methylene (3CH,) and singlet
methylene (1CH,) into account. Ground-state 3CH, is quite reactive,
but electronically excited 1CH, is even more reactive to many species
and can be an appreciable fraction of the total CH,. Furthermore,
SCH, reacts by abstraction and by radical addition, while 1CH,
inserts into ¢ and n bonds. The problems due to this ambiguity
between !CH, and 3CH, should be worst at higher temperatures, where
the equilibrium population of !CH, is highest.

CH; (Fig. V.6): WZ and WZ’ predictions agree quite well beyond
1 cm, which is caused by partial equilibration of metathesis
reactions with CH,. WD agrees reasonably well in magnitude and best
reproduces the shape of the curve.

CH, (Fig. V.7): None of the predictions is especially good, and
MMSK did not include this species. All predicted the increase at the
greater distances from the burner, which is a consequence of the
decreasing temperature and the temperature dependence of the
equilibrium constant.

O-atom (Fig. V.8): The shapes are similar for all five
mechanisms although magnitudes vary.

C,H (Fig. V.11): The limited data support WZ and WZ’, but
measurements in the predicted high-concentration region were not
successful. WB is too high, but more data are required for this

growth species.
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C,H, (Fig. V.13): WZ and WZ’ gave the best predictions, but the
sharpness and magnitude of the initial peak was not predicted.

Mass 29, HCO and/or C,Hs (Figs. V.15, V.16): MMSK, WZ, and WZ°’
predict the data well as being HCO, while WB and WD significantly
overpredict HCO (Fig. V.16).

Mass 30, H,CO and/or C,He¢ (Figs. V.17, V.1B): Mass 30 is
overpredicted by all the mechanisms (Fig. V.17). The shapes of the
predictions suggest that the data are C,H¢ and that H,CO is the
problem species (Fig. V.18).

CH,0 and CH,OH (Fig. V.19): Although no data are available for
comparison, the variation among predictions is notable.

0, (Fig. V.20): The data and all the mechanisms except WB show
that destruction of O, slows dramatically as the concentration
decreases to tens of ppm. WZ and WZ’ fit the data best.

HO. (Fig. V.21): Data were restricted to 0.8 cm or less, but
the predictions were all poor.

H,0, (Fig. V.22): Predictions of H,0, by WB compare favorably
to 2 measured mole fraction of 5-:10-5 at 0.176 cm. WD and MMSK were
still lower, and WZ and WZ’ did not include the species.

Ar (Fig. V.24): These predictions show that all mechanisms were
within 0.01 of the measured Ar mole fraction, which changed from 0.05
to 0.04 through the flame.

Mass 41, HCCO and/or C,Hg (Fig. V.25): Only WD included CHs,
but its prediction agrees rather well within the noise of the data
for mass 41. 1In contrast, ECCO is clearly overpredicted by each of
the mechanisms.

Mass 42, CH,CO and/or Cs;Hg (Fig. V.26): Mass 42 is noct
predicted well by any of the mechanisms, although Ci;H¢ predictions by
WD are similar to the mass 42 data. CH,CO predictions are all higher
than the data except for WZ and WZ’, which are low. This low
prediction is caused by the assignment of classical fall-off kinetics
by Warnatz to the reaction C,H,+OH - H+CH,CO. In fact, addition/
stabilization to form C,H,O0H would have the classical behavior that
Warnatz assumed, in which the rate constant decreases markedly as
temperature increases (Smith et al., 1984). The product channel H+

CH,>CO would be a chemically activated addition/decomposition, which
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has inverse fall-off behavior (Ch. VI, IX) and a rate constant that
rapidly increases as temperature (and fall-off of the adduct channel)
increases.

C,H; (Fig. V.29): Despite the noise in the data, comparison to
predictions unquestionably rules out the excessive production of C H;
by WZ and WZ’ and the insufficient production by MMSK. WB gives a
reasonably good prediction. Note that the isomers 1-C,H; and 2-C H;
are not distinguished in the mechanisms.

C,Hg (Fig. V.30): Neither C,H; nor C,Hs is included in any of
the mechanisms, but WB and WD include C,H¢. Unfortunately, these
predictions are unsatisfactory.

CeH, (Fig. V.31): Only the Warnatz mechanism includes a Cg
species, and the reversible modification WZ’ predicts the data
reasonably well. The WZ mechanism as described by Warnatz gives too

high a prediction by a factor of three.

V.6. Summary and conclusions

Although published mechanisms adequately describe some features

of acetylene combustion chemistry, testing against detailed species
profiles reveals deficiencies that can be important in modeling
fuel-rich and sooting acetylene flames. H,0 and CO, are strongly
affected by the product branching and rates of CH,+0, and, for MMSK,
of C,H,+OH; only WZ and WZ’ predict shape and magnitude well for
both species. The absence of destruction kinetics for C; species in
MMSK and WD leads to a misprediction that they would be formed in
excessive quantities, acting as a significant sink for carbon and
hurting predictions for many other species. Peculiarities in the OH
prediction are caused by differences in C,H;+0, kinetics, and C,H; is
affected both by uncertainities in that reaction and, in WD, by the
inclusion of a C;H¢ pyrolysis to C,Hs.

These limitations point out ways in which the mechanisms can be
improved. The destruction kinetics of C;H,, C(.H>, and the radicals
CH,, C,H;, CsH,, and C,H; are shown to need attention. For these and
other "minor" species, particularly CH and C,H, the chemistry is not

well-understood despite the importance of these radicals to
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hydrocarbon flame chemistry and to flame processes like nitrogen

fixation.

The comparison of WZ and WZ’ emphasizes that mechanisms of
elementary reactions should include microscopic reversibility even
though the calculation is limited by the availability of accurate
thermodynamics. The reverse reaction might have been unimportant at
earlier test conditions, but it can become important at new
conditions.

Finally, the accurate treatment of chemically activated
reactions is another important area for improvement, as are the

kinetics for growth and destruction of C, and heavier hydrocarbons,

including aromatics.
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CHAPTER VI. EQUATIONS FOR UNIMOLECULAR AND BIMOLECULAR QRRK

Bimolecular QRRK is a powerful tool for predicting and extrapo-
lating rate constants of addition-initiated reactions. Bond making
is exothermic, so the freshly formed adduct is "chemically activated"
with respect to its ground state. There is a kinetic competition for
the excited states of this adduct between collisions (leading to
stabilization) and unimolecular reactions that can re-form the
reactants or form new products. Among the possible consequences of
this competition are pressure-dependent and non-Arrhenius rate
constants for addition, chemically activated decompositions, chemi-
cally activated iscomerizations, and low— and high-pressure limits for
the rate constant of each product channel.

Unimolecular reaction theory is the basis for analyzing these
problems. It is reviewed briefly in Sec. VI.2, followed in Sec. VI.3
by a description of the classical (unimolecular) QRRK method (Kassel,
1928b). Unimolecular QRRK eduations are developed for isomerizations
and multiple product channels.

Equations for bimolecular QRRK are developed in Sec. VI.4 for
simultaneous addition/stabilization and addition/decomposition
channels after Dean (1985). Low- and high-pressure limits are
analyzed and found to have opposite meanings for the two types of
channels. Again returning to the description of Dean (1985),
equations that include addition/isomerization are developed in
Sec. VI.5. Finally, in Sec. VI.6, multiple decompositions of the
chemically activated adduct are analyzed, rationalizing two-reactant,

three-product reactions that have been inferred from data.

VI.1l. General background

Accurate modeling of pyrolysis and combustion chemistry demands
accurate rate expressions for radical-radical and radical-molecule
reactions. Generally, the rate for the elementary reaction of
reactants R+R’ is expressed as the product of a bimolecular rate
constant kvi and the molar concentrations [R] and {R’].

The rate constant kni frequently is a function only of tempera-

ture, having the form of an Arrhenius equation:
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kbi = A-exp(~Eact/RT) . [VI.1]

Certain small deviations from Eq. VI.1 may be fitted rationally
(Cohen, 1982) by using the alternative function:

k,. = 4’ -T° -exp(-E’/RT) (VI.Z2]

bi

which again is a function only of temperature. These equations are
generally sufficient for metathesis reactions involving transfer of H
atoms (such as O+CH, - OH+CH;). A key reason is that kvi for such
reactions is inherently independent of pressure at ideal-gas condi-
tiomns.

Classical fall-off behavior for additicn. - For simple addition

or recombination reactions that form a stable adduct, the rate
constant is independent of pressure only at "high" pressures, where
it 13 commonly termed ko, the high-pressure limit.

At sufficiently low pressures, rate constants for addition will
be directly proportional to pressure. More precisely, the bimolecu-
lar rate constant kbi can be proportional to [M], the overall concen-
tration of species (P/RT for ideal gases). For example, in atom—atom
recombination, the rate at atmospheric pressure is proportional to
[Atom]2 - [M]. The bimolecular rate constant then can be divided into
a pressure-independent rate constant k, (the "low-pressure limit")
and the pressure-dependent concentration [M]. The rate constant k,
is pressure-independent, but it is a function of T and of the
specific species M.

At intermediate pressures, kvi for addition may be in transition
from the high-pressure limit of pressure-independence (kbvi=k.,) to a
decreasing kbi as it approaches the low-pressure limit of pressure-
dependence (kvi=ko:-{M]). This transition region is called the
fall-off region.

The transition also will cause non-Arrhenius behavior at fixed
pressure. At low temperatures, kbi is independent of [M] and would

have a positive or zero Eact. As temperature is increased, kvi
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becomes pressure-dependent, decreases as k,‘P/RT in the limit, and

thus can have a negative Eact.

Qualitative explanation. — The reason for this behavior is that

addition (or recombination) initially forms an excited or energized
state of the adduct that contains a large amount of energy relative
to its unexcited state. For recombinations, the excess is the bond
dissociation energy, while for additions, the energy barrier to
addition is a part of the excess. This energy must be dissipated by
collisions with M if the excited adduct is to be stabilized before it
can decompose to re-form the reactants. Examples are 0+CO - CO, and
H+C,H, - C.Hs.

Effects of chemical activation. — Ano*her possible consequence

is that new pathways may become accessible because of chemical
activation. The energized adduct may react unimolecularly to form
products other than the original reactants. Because the high energy
content of the adduct is caused by the reaction, this new reaction is
said to be chemically activated. For example, combina*jon of H-atom -
and 0, produces excited HO,*, which can be collisionzlly stabilized
to HO, or which can decompose, either to H+O, (the reactants) or, by
a chemically activated pathway, to O+OH.

Based on the qualitative discussion above, it seems reasonable
that chemically activated pathways could have pressure-dependent rate
constants. Analysis of the issue by bimolecular QRRK will show that
they display fall-off, but inversely to the classic form; that is,
these rate constants will be pressure-independent in their low-pres-

sure limits and pressure—dependent in their high-pressure limits.

VI.2. Unimolecular reaction theory

The basis of our understanding of the bimolecular rate constant

is the occurrence of gas—phase reactions that have first-order, or
unimolecular, kinetics. Unimolecular reaction theory (Robinson and
Holbrook, 1972; Forst, 1973) has been quite successful in qualita-
tively and quantitatively describing high-pressure limits, low-pres-
sure limits, and fall-off for simple pyroiyses, which are the reverse

of simple additions.
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In 1922, Lindemann rationalized the unimolecular reaction of a
species A as occurring by a competition among collisional excitation
to A*, collisional de-excitation of A*, and true unimolecular

reaction of A* (Laidler, 1965):

A + M- A* + M (kexc)
A* + M-A + M (kde-exc)
A¥ - Products (krxn).

Here, A* is an excited or energized state of the species A; an energy
diagram for the system is shown in Fig. VI.1. The apparent unimole-
cular rate ccnstant, assuming at this point in the development only a

single excited state, is:

_ 1  d{Products] _ 1 A .
uni =~ [A] dt ~ [A] l(rxn (A*] (VI.3]

or, by a pseudo-steady-state assumption for the concentration of A*,

1 k
ki = Ko ” (==& oy | [VI.4]
1 rxn k
+ M) de-exc
de—-exc

(This could be reduced to a simpler form still, but, as will be
shown, the ratio kexc/kde-exc is usefully kept separate.) Eq. VI.4
also may be restated in terms of its high-pressure limit k., and its

low-pressure limit k,:[M] as:

uni _
— = - = , [VI.5]
ko - [M]

the general Lindemann form. For kde-exc, Lindemann used Z, the
collision-theory rate constant. This is the strong-collision
assumption that essentially all collisions are de-activating. The
ratio kexc/kde-exc in this formulation is an equilibrium constant for

excitation from A to A*, which Lindemann described as a Boltzmann
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distribution exp(-Eo/RT), where E, is the energy barrier to reaction
(see Fig. VI.1) and, for Lindemann, the energy content of A* relative
to A.

The importance of Lindemann’s equation was to rationalize
qualitatively the first-order, unimolecular rate constant as k.. The
occurrence of a low-pressure limit and the general shape of the
fall-off curve, log(kuni) vs. log(P) at a given T, were also correct.
Quantitatively, the equation was not successful. The experimental
transition occurred over a broader range of pressures than predicted,
and the choice of species for M had a greater effect on ko, than would
have been predicted from the effect of M on Z.

More sophisticated methods were developed later to analyze the
components of the Lindemann model. Several useful methods retained
the structure of Eq. VI.4, but the new equations referred instead to
the rate constant for reaction via A* at each energy level E.
Equation VI.4 then gives an energy-specific kuni (E), and kun. (E) is
summed or integrated over the range of energy. To describe this
energy—dependent kun. (E), the terms kexc/kde-exc, Krxn, and Kde-exc
were treated more realistically.

First, the ratio Kexc/kde-exc was treated more accurately.
Hinshelwood recognized that it is the internal modes of energy
storage — primarily vibrations — that should be excited (Robinson and
Holbrook, 1972). Excitation to a given energy then would be faster
for more complex molecules because they have more vibrational degrees
of freedom that can be excited. Furthermore, excitation will produce
a distribution of energies E2E,. By assuming that the excess energy
in A* was stored in s classical harmonic oscillators, he derived
Kexc/kde-exc ®s a continuous function of energy.

Rice and Ramsperger (1927) and Kassel (1928a) assumed that krxn
was also a function of the energy of A*. Following Kassel’s develop-
ment, if the excess energy in A* were stored in s classical harmonic
oscillators, then accumulation of sufficient energy in a given
(classical) oscillator could cause reaction to occur. An appropriate
form of krxn(E) was then derived, and the energy-dependent Lindemann

equation was integrated using kde-exc=Z and the Hinshelwood
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Kexc /kde-exc. Application of this classical RRK theory is complicat-
ed by the need to determine an effective number of oscillators serrs,
which is roughly one-half (Robinson and Holbrook, 1972) to two—-thirds
(Benson, 1976) of s, the total number of vibrational degrees of
freedom.

RRKM theory, a modification of RRK theory by Rice and Marcus,
provides a much more accurate way of calculating kuni (Robinson and
Holbrook, 1972). In RREM theory, krxn(E) is evaluated using the
number of vibrationally excited states of A* at a given energy.
Strong-collision deactivation is assumed, but Kexc/kde-exc 1is
determined as a function of the energy content of A* by counting
states at each energy E using statistical mechanics. While more
accurate, the application of RRKM theory is complicated by the
detailed input data that are required.

Troe has developed a useful, simpler procedure for calculating
Koo (Troe, 1981), ko (Troe, 1977), and the interpolation of kuni
through the fall-off region (Troe, 1979). The Troe formalism has
been spplied successfully to a variety of unimolecular bond fissions,
and it is less complex computationally than is RRKM. Nevertheless,
the method seems suited best to unimolecular reactions having a
single dissociation pathway.

A weakness in the methods above (except for Troe’s) was the use
of a strong-collision assumption for kae-exc; that is, a single
collision between A* and M would have to remove all the excess energy
from A*. Note that each species included as M would have to accom-
modate this energy content, regardless of its capacity for accepting
the energy.

In practice, a collisional efficiency B can be applied to the
strong-collision de-excitation term Z-[M]. Analyzing collisional
energy transfer by master-equation methods, Troe (1977) fit most of

the temperature dependence of B with the equation:

B _ ‘<AEcoll'>
T= (P72 - "F(E)-&T (VI.6]

where <AEco11> is the average amount of energy transferred per

collision and F(E) is a factor, weakly dependent on energy, that is
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related to the number of excited states. Over the temperature range
of 300-2500 K for a series of reactions (Troe, 1977), F(E)=1.15 was a
median value. The value of B also depends on the specific third-body

molecule M through the value of <AEco11>.

VI.3. Unimolecular QRRK
Kassel’s development. — The unimolecular quantum-RRK (QRRK)

method (Kassel, 1928b) complements the above methods by being
reasonably accurate but simpler to use. Shortly after RRK theory was
proposed, Kassel described this alternative method, treating the
slorage of vibrational energy as being quantized. Although RRK theory
has been used more extensively for simple calculations, QRRK has been
recognized to be more realistic than RRK (Robinson and Holbrook,
1972). Also, QRRK does not require an adjustable parameter to
achieve good accuracy. For the present purposes, QRRK also is
well-suited to simple analysis of pressure effects in bimolecular
reactions, where an excited adduct A* can undergo unimolecular bond
fissions or reversible isomerizations.

In QRRK theory, a molecule is treated as if its s vibrations can
be represented by a single frequency ». A geometric mean <»> of the
molecule’s frequencies is normally used (Robinson and Holbrook,
1972). 1Instead of treating the distribution of energy as continuous,
as in RRK theory, each energy term is divided into E/h<{»> vibrational
quanta, where h is Planck’s constant. For the QRRK energy variable,
the symbol » is used, and for the energy barrier to reaction E,, the
quantized energy is m quanta; quantum levels are illustrated in
Fig. VI.1l. The apparent kuni then is a sum of Eq. VI.4 evaluated at
each energy level n from 0 (E<E,) to ®. Noting that krxn(E)=0 for
Km, then

k ; K ) kde—exc[M] (E,T) [ 7]
. = (E) - - K(E, VI.
uni E<E, rxn kde—exc[M] + ern(E)
(Fm)

where K(E,T) is the thermal-activation distribution function
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kexc /kde-exc in Eq. VI.4; kexc[M]=kde-exc[M] -K(E,T) is the rate
constant for formation of A* as a first-order process in [A].

Kassel assumed, as in the classical RRK theory, that if a
molecule were excited to an energy E, then krxn(E) would be propor-
tional to the the probability that one of the s oscillators could
have energy E, or greater (sufficient energy to cause reaction). In
a real molecule, vibrational energy is quantized, but in classical
RRK theory, the energy distribution was treated as continuous. Then,
in terms of vibrational quanta, krxn(E) would be proportional to the
probability that one of the s oscillators could contain m or more of
the n total quanta. The proportionality constant subsequently was
shown to be the Arrhenius pre-exponential factor 4, (high-pressure

limit) for dissociation of A, so:

n' (nms-1)!
(-m) ' (ms-1)! . (VI.8]

ern(E) =4 -

Likewise, he derived the quantized thermal energy distribution K(E,T)

to be:

~hv/KT

K(E,T) = (e e hv/KTys  (mbs-1)! [V1.9]

n
) (1 - n(s-1)* °?
where K is the Boltzmann constant.

Low—pressure limit. — An explicit expression for the rate
constant in the limit of low pressure ( [M]=P/RT - 0 ) can then be

derived from Eq. VI.7 to be:

©0
[M}im . Kuni  ° Ezg K o—exc M K(E,T) [VI.10]
- = o
(rFm)

As it must, kuni reduces to Krxn,w in the high-pressure limit.

Multiple decomposition channels. - A key step in the previous

analysis was derivation of the concentration [A*] from a pseudo-
steady-state assumption. This [A*] was substituted in Eq. VI.5 to
obtain Eq. VI.4 or, as [AK] in the QRRK form, Eq. VI.7.
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If multiple channels exist, forming different sets of decomposi-
tion products, the same sort of analysis can be made with a result
similar to Eq. VI.7. Let the channels be designated as i=1,2,... so

that the fate of A* is determined by the reactions

A +M-Ax+M (kexc)

A* + M ~A +M (kae-exc)
A* - Product set 1 ( ky(E) )
A¥ - Product set 2 ( ko(E) )

and so on. Each channel has Arrhenius parameters Ai,. and Ei ,., and
the energy barrier Ei ,. is quantized to m by h<{va> as before. Each
ki (E) is calculated with Kassel’s equation (Eq. VI.8) using the

corresponding m .
As a consequence, the multiple decomposition rate constants

occur as a sum in the denominator of [A*]ss and of kuni,i:

. kde—exc[M]
hani, i T L KB M sty KED
(=0) i
-]
- . bz (M] .
(z=0) 1

This is virtually the same equation as Eq. VI.7. The lower limit on
E or n is written here explicitly as zerc (unexcited A), and the
summation effectively would begin at the lowest energy barrier m.

It is worth noting the two implicit assumptions that B is still
the appropriate collision efficiency and that K(E,T) is still the
appropriate energy distribution. Practically, B is determined for
single-channel unimolecular reactions and correlated with <AEco11>.
Just and Troe (1983) have proposed that a second collision efficiency
may be better for the second, higher energy barrier. Also, K(E,T)
may overpredict the distribution at high energy levels if the

population of these levels is depleted by the reaction channels. The
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second question is also relevant to single-channel reactions and is
best addressed by master-equation methods (Pritchard, 1985) that

explicitly calculate state-to-state energy transfer.

Unimolecular rezction with isomerization. — Unimolecular QRRK

equations can be derived for isomerization reactions, which introduce
the additional complexity that the excited isomer I* can itself

decompose (channel 2) or it can re—-isomerize to A*:

P+pP’ S+S”
kz(E)1 k4(E)T
BZ[M] -K(E,T) k,(E) [
A - — ¥ 3 ¥ BZ{M] —1
BZM] k_(E)

]
Note that this scheme allows for decompositions of A* and of I*.

Equations are derived as before, except that [An*] and [In*] are
both evaluated using the pseudo-steady-state assumption. The
observable rate constant for forming I then is a sum over energy of
PZ[M] -[In*], and for forming S+S’ is a sum of k4 (E):-[In*]. The
equations that result are, for unimolecular decomposition of A to

P+P’:

- ko(E) -BZ[M] ‘K(E,T) -(BZ[M]+k_g(E)+k, (E))

k, = ,

d  goo (PZIMI+ky(E)+kg(E) X BZ(M])+k_o(E)+k,; (E) ) kg (E)k_o(E)
(70) (VI.12]

for unimolecular isomerization/stabilization or A -~ I:

- kg(E) “(BZ(M] ¥ -K(E,T)

k, = g

I~ oo (PZ(M]+k,(E)+ky(E) X BZ[M]+k_g (E)+k, (E) ) —kg(E)k_5(E)
(r=0) [VI.13]

and for unimolecular isomerization/decomposition or A - S+S’:
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oo k4(E) -k3(E)'ﬁZ[M]'K(E.T)

= ¥ -
oL CBZIMITi, (B)+ky (E) X BZ(MI+k_g (E) ¥k, (E) )~ (BVk_ (E)

(1=0) [VI.14]

k1/d

These equations all have the same denominator, all are summations
from =0 to %, and all contain the same excitation term kexc [M]=
pZ[M] ‘K(E,T). If isomerization and multiple decomposition channels
were to occur, k,(E) would be replaced in the numerator by the other
decomposition rate constant(s) ki (E), and it would be replaced in the
denominator by a sum of the decomposition rate constants.

Low-pressure limit for isomerization reactions. - It is

instructive to note the form of the low-pressure limit for simple,
reversible isomerization, neglecting any decomposition channels
(k2(E)=k4(E)=0 ). The full equation for the rate constant of A - I

in this case is a simplified Eq. VI.13:

00 k. (E)-(BZ[M] ¥* “K(E,T)
kp = (BZ[M]+k (S)XﬁZ[M]-i»k (E) ) -k, (E)k _(E) . [VI.15]
E=0 3 -3 kg (B)k_g
(=0)

Evaluating the limit as [M] - 0 requires the use of 1’Hopital’s rule,
yielding an expression like Eq. VI.10 (low-pressure limit for simple
unimolecular decomposition) but with a term involving Keq, the

equilibrium constant for isomerization:

00 K

[M%im . ky = Ezg 2(~goy)BZ[M] ‘K(E,T) . [VI.16]
- =E, eq
(=m)

This expression will equal Eq. VI.10 only if Keq=1. If the isomeriz-
ation is irreversible (Keq>>l), the asymptotic value of the low-
pressure limit is twice the result of Eq. VI.10. If the isomeriza—

tion is thermodynamically unfavorable (Keq<<1l), then:
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2]

: %im kI = )3 2Keq-BZ[M]-K(E,T) , [VI.17]
M] - 0; E=E,
Keq<<1 (r=m)

a low-pressure limit much lower than that predicted by Eq. VI.10, in

which there were no decomposition channels included.

VI.4. Bimolecular QRRK - Chemically activated decomposition
Dean (1985) has developed the QRRK equations which apply to

bimolecular reactions. A similar formulation and extensions of those

equations are derived here. Consider the general case of addition to
form an excited adduct A*, followed by stabilization, redissociation

to reactants, or chemically activated decomposition:

P+P’
/:(m
k1 .oo'f(EgT)
R + R’ = == A*(E)
k_,(E)
B-Z-[M)
A

Here, k;,w is the rate constant in the high-pressure-limit for

forming adduct and f(E,T) is the energy distribution for chemical

activation:
£(E,T) = _k-,(E) K(E,T) : [v1.18]
L k_,(E) -K(E,T)
E=E_,
(rFm_,)

derived (Dean, 1985) by analogy from the RRKM formulation (Robinson
and Holbrook, 1972); K(E,T) is the QRRK thermal distribution from
Eg. VI.9. Rate constants k.;(E) and k,(E) are calculated from the
QRRK equation for krxn(E) (Eq. VI.8) using m_, (E_,/h<v>) and m,
(E2/h<»>), respectively. A typical energy diagram for these

reactions is shown in Fig. VI.2.
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Fig. VI.2. Energy diagram for addition with a chemically
activated decomposition channel.
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For a given quantum level n, a pseudo-steady-state analysis can
be made with a result analogous to Eq. VI.4. Then, analogously to
the QRRX kuni (Eq. VI.7), the experimentally observable rate constant

for forming the addition/stabilization product A from R+R’ is:

0

= K, ,00 *BZ[M] )
ka/s - E=é-, PZ[M] + K_,(E) + Ko(E) f(E,T) [VI.19]
(rFm_,)

and, for forming the addition/decomposition products P and P’, the

observable rate constant is:

[ -]
- kx.oo ‘k2(E) .
kasa = E=§_, PZIM] + K_,(E) + Ko(E) f(E,T) . [VI.20]
(r=m_y)

If more than one dissociation channel is available, the krxn(E) for
each channel is added in the denominator of Eq. VI.19 and VI.20, and
an equation in the form of Eq. VI.20 is written for each new channel,
substituting the respective krxn(E) for k;(E) in the numerator.

Low— and high-pressure limits. — The structure of these

equations effectively shows the dynamics among its components because
each term has a readily understood physical significance. For
example, as pressure changes, the observable rate constants change
because of the relative magnitudes of terms in the denominator -
B-Z-[M] for deactivation, k_,(E) for dissociation to reactants, and
k,(E) for dissociation to new products. It is especially useful to
consider the low-pressure and high-pressure limits of the stabiliza-
tion and the chemically activated reactions.

The low-pressure limit for recombination (or addition) is

derived from Eq. VI.19:

-]

. _ Ky ,e0 ‘BZ[M)
[M%H:O kys = EfE-, GRS NG) £(E,T) (VI.21]
(Fm_y)
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which is directly proportional to pressure through [M]. 1In the high-
pressure limit, Eq. VI.19 reduces properly to k;,n. At a given
temperature, a fall-off curve for stabilization joins these asymp-
totes, plotted as log(kass) vs log(P).

Ignoring the chemically activated pathway could give incorrect
recombination rate constants. If chemically activated conversion of
A* is more rapid than decomposition to reactants (k,(E)>>k_.,(E)),
then Eq. VI.21 shows that the recombination ka/s,o will be determined
by k»(E) rather than by k_,(E).

Chemically activated pathways will have an inverse fall-off
behavior, having rate constants that are pressure-independent at low
pressure but inversely proportional to pressure at high pressure.
From Eq. V1.20, the rate constant for the chemically activated

pathway to P and P’ will have a low—pressure asymptote:

o
: - Ki,00 ‘k2(E) .
[M}lf 0 ka/d nfm_, K. (E) + k,(E) f(E,T) [VI.22]

that contains no [M]| term to cause pressure dependence. At high

pressures, the same pathway would have an asymptote:

- = L. koo ko(E)
lim k4 = Ty £ e f(E,T) (VI.23)

(M] = o mwm.

which is inversely proportional to pressure. Thus, the fall-off
curve for a simple chemically activated decomposition would have a
mirror-image shape of the classical addition fall-off curve, falling

off from pressure-independence as pressure increases.

Vi.5. Bimolecular QRRK with chemically activated isomerization

Chemically activated isomerization is a plausible extension of
the above phenomena. Any unimolecular reaction that is open to the
ground—-state adduct also can occur for the excited adduct, and
isomerization clearly fits this requirement. The one complication is

that an excited isomer is formed, so chemically activated pathways of
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the isomer must be considered, including re—isomerization back to the

adduct.
The general form of this reaction network, including chemically
activated decomposition and isomerization, may be described schema-

tically in terms of the variables described previously:

P+P’ S+S’
k2(E) k4(E)
k: ,m-f(E,T) ks(E)
R+R’ — == AX = > I%
k_,(E) k.3{E)
BZ(M] BZ([M]
A I

For each set of stabilized products, the rate of formation can
be described by an apparent bimolecular rate constant with respect to
reactants R and R’. For products A (addition/stabilization), P and
P’ (addition/decomposition), I (isomerization/stabilization), and S
and S’ (isomerization/decomposition), respectively, the rate con-

stants are:

o

] pz(M) L
ka/s' E‘l}; BZ[M] + kK-, (E) + Kz(E) + kao(E) - @ Ki,00 f(E,T)
o .24]
(rFrm_,) (VI
- 1 k2(E) .
keyd™ [T TR T R(E) + ka(E) T RG(E) =@ Koo TED)
(1) (VI.25]
(- -]
- BZ(M] ‘ka(E)-{k_a(E) +B-Z-[M] +k4(E)} .
K1s™ 5 T BZIM] + k-i(E) + Ko(E) + ka(E) - @ FreofETD
(2-1) [VI.26]
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k4 (E) ‘ks(E) -{k_.»(E) +BZ[M] +k4(E)} k f(E,T)
E BZ[M] + k_,(E) + ko(E) + ks(E) - @ 1veo ’
(n=;£,) [VI.27]

o0
ki I

where:

- k-g(E) ° ka(E)
¢ = BZ(M] +k_2(E) +k4(E) . [v1.28]

Additional addition/decomposition channel(s) J may be included by
calculating k; (E), replacing k,(E) by a sum of k;(E) in the
denominators of Eq. VI.24 through VI.27, and writing a rate constant
(kasa); in the new form of Equation VI.25, substituting k;(E) in the

numerator for k,(E).

VI.6. Secondary decompositions of excited products

Secondary decomposition can occur in a chemically activated
reaction if all the excess energy of the chemically activated adduct
is not dissipated by the initial decomposition. Thus, a bimolecular
reaction could lead to three products by the processes R+R’ — A* -
P*+pP’*, P* - P, and P’* -~ S+S’. Branching studies might indicate A,
P+P’, or P+S+S’ as product channels.

Such branched three-product channels have been inferred from
data in the past, for example CH,+CH, - C,H, C.Hs+H, and C,H,+2H.

In such cases, either the observation has not been explained or it
has been attributed to a sequence of thermal reactions R+R’ - P+P’
and P’ - S+S’. However, unlike a thermal sequence, chemically
activated secondary decomposition is not microscopically reversible
because the reverse reaction would require excited P’* (from S+S’) as
a reactant.

Properly apportioning the undissipated energy between P* and P’*
is the difficulty in calculating the apparent rate constant. If P*
is an atom and P’* is polyatomic, then all fhe undissipated energy
may be assigned to the species P’* as a first approximation. The
rationale is that the excess in A* is treated as stored in vibration-
al energy modes. The polyatomic P’* contains vibrational degrees of

freedom, while the atom P* has neither vibrational or rotational
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modes (i.e., it can only be translationally hot). Decomposition or
stabilization of P’* then is calculated by unimolecular reaction
theory.

By similar reasoning, if both P* and P’* are polyatomic, then
the undissipated chemical~activation energy should be apportioned by
the vibrational energy storage capacity of each.

Analysis by QRRK first requires calculation of the rate constant
for chemically activated decomposition Kasa(n) at energy level n
(term within the summation of Eq. VI.20 or VI.25). The difference
between the energy E=n-h<{y»> and the ground-state energies of P+P’
then is the undissipated energy. If only P’ is polyatomic, then this
energy is quantized as n’, unimolecular QRRK is used to calculate the
proportions of stabilization or decomposition channels for P’(n), and
ka/¢ (n) is divided up accordingly.

If both P* and P’* are polyatomic, QRRK methods would treat

their energy storage as being within s and s’ harmonic oscillators.
The undissipated energy would be divided between the two species.
The awmount of energy that each could contain would be proportional to
s-exp(hyv/KT) ana s’ -exp(hv’/kT), and a reasonable assumption is that
the excess energy could be assigned proportionally to energy storage
capacity.

Note that this analysis requires only that some of the energy of
A* be undissipated by the decomposition to P* and P’*. Thus, the
same phenomenon of secondary decomposition can result from unimole-
cular decomposition (Eq. VI.7 and VI.1ll) and from isomerization/
decomposition (Eq. VI.14 and VI.27).

Rate constants for the multiple-decomposition reaction of
3CH,+3CH, - C,H,+2H 2re estimated in Ch. VII. These calculations
illustrate the quantitative analysis by bimolecular QRRK, but RRKM
and other sophisticated unimolecular-reaction theories also may be

applied in analogous fashion.

VI.7. Implications for reaction analysis

A bimoclecular adaptation of unimolecular QRRK, proposed in its

original form by Dean (1985), predicts pressure and temperature

dependences of many reactions important to combustion and pyrolysis.
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These reactions are recombinations, additions, and insertions that
form an excited intermediate. Such an excited species then may be
stabilized by collisions with surrounding molecules or it may undergo
energy-dependent unimolecular reactions such as decomposition and
isomerization.

Using bimolecular QRRK methods, pressure-dependent rate con-
stants may be quickly evaluated with reasonable accuracy, but the
method also provides a way of clearly describing the physical
significance of the different mechanistic steps. As a result, some
general aspects of pressure-dependence and chemical activation, such
as the low- and high-pressure limits for chemical activation, may be
more obvious than they would be from more complex RRKM analvsis.

Most researchers recognize that to model high-temperature
gas—-phase processes like pyrolysis and combustion, the pressure
dependence must be taken into account for thermal decompositions and
their bimolecular reverse reactions. However, pressure effects on
bimolecular reactions of the form R+R’ - P+P’ often are omitted.

It should be emphasized that the intermediate is not the
thermalized or ground-state adduct, but it is rather a distribution
of excited adduct states having a distribution of energies from E_,
(m.,) above the ground state to «. Thus, the products of chemically
activated decomposition are formed directly and at a different rate
than if they had been formed by a sequence of thermalized reactions
of recombination (to adduct) and decomposition (of adduct).

Temperature dependence of the rate constants is strongly
affected by the energy distribution f(E,T), which spreads toward
higher energy levels as temperature increases. Also, because A* has
energies of E_; and above, new channels may become accessible, even
though they might be unimportant steps for thermal unimolecular

reaction of A.
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CHAPTER VII. TESTS AND APPLICATIONS OF BIMOLECULAR QRRK

Vii.1l. Introduction
Analysis of the mechanisms in Ch. V shows that many reactions

important to combustion are addition or recombinaticn reactions. In

this chapter, predictions of rate constants are made using bimolecu-
lar QRRK, comparing the predictions against literature where possi-
ble. There are at least three good reasons for doing this: (1) to
establish the accuracy of this simplified method; (2) to illustrate
how input parameters are selected; and (3) to generate (or extrapol-
ate) accurate rate constants for improving combustion mechanisms.

The method is a potent supplement to RRKM analysis despite being
less rigorous. The key modification from the original unimolecular
QRRK method is calculation of the chemical-activation distribution
functions, as described in Ch. VI. Bimolecular QRRK requires only
(1) ko, data or estimates for the various steps and (2) a geometric—
mean frequency of the adduct. In contrast, RRKM requires complete
sets of frequencies, moments of inertia, and barrier heights for each
transiticn state. While RRKM is potentially more accurate, the
number, availability, and uncertainty of these input data can
restrict its predictive powers, particularly for chemically activated
reactions, which can involve numerous tramsition states for the
decompositions and isomerizations of the adduct. Not only does
bimolecular QRRK require fewer input data, but effects of uncertain-
ties are readily zpparent, as will be shown here.

Examples are presented here to demonstrate the method and to
calculate rate constants needed for improving the realism and
accuracy of flame mechanisms. First, the reactions of H+0, and O+OH
are shown to be classical chemical activation reactions, proceeding
through excited HO,. Second, the series of H-atom additions to C,H,,
C,H3, and C,H, (which proceed through C,H.*, C,H*, and C,Hs*) are
examined, along with the C, reactions that share the same excited
intermediates. Finally, rate constants for addition of the triplet
species 0 to CO are calculated. Where possible, these predictions

are tested against data.
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VII.2. Necessary input data and limitations

Reasonably accurate predictions can be made quickly using
bimolecular QRRK, in part because of the input data are few and

relatively easy to obtain:

® Pre—-exponential factors and activation energies in the high-
pressure limit, A, and Eact ,co;

® The number of vibrational degrees of freedom for the adduct,
8 (3'natoms—5 for linear molecules, 3-natoms—6 for nonlinear);
® The geometric mean of the adduct’s vibrational frequencies,
<y>;

® Molecular weight and the Lennard-Jones transport properties,
o and €/K, for the adduct and for the third-body gas; and

® The average energy transferred per collision with the third-
body gas, <AEce11>, which has been experimentally evaluated for

a variety of gases.

Obtaining A, and Eact ,, may be the most difficult. These
parameters can come from literature data, from estimates by Benson’s
methods (Benson, 1976; Benson, 1983), from Dean’s generic rate
constants (Dean, 1985), or from the reverse rate constant (high-
pressure-limit) and the equilibrium constant. This last approach is
generally necessary at some point in the selection of input parame-
ters, and it demands that the thermodynamics of the species be
well-known.

Lennard-Jones collisional properties (Reid, Prausnitz and
Sherwood, 1977; Kee et al., 1983) for the stabilized species A and
the third-body gas M are used to calculate a collision number Zps.
Establishing the <AEco11> needed to calculate collisional efficiency
B (from Eq. VI.4) is an active area of research. In Appendix M,
compilations (Troe, 1979; Gardiner and Troe, 1984) are reviewed and
values of <AEco11> are selected.

Ambiguities in these parameters cause uncertainty in the
predictions. For example, the QRRK k-xn(E) equation (Eq. VI.8B)
contains the assumption that A, and Eact ,o 8re independent of
temperature (purely Arrhenius behavior), but they may not be.
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Second, the vibrational degrees of freedom include internal rota-
tions, which are not approximated well as harmonic oscillators. The
equivalent frequency for an internal rotation can be rather low, so
uncertainty in this value can affect a geometric—mean <y> dramatical-
ly. Third, the assignment of all excess energy to vibrational energy
can be inexact when there are significant changes in angular momen-
tum. Finally, using a single <»> to represent all the »’s in a
molecule may be too great an approximation.

Nevertheless, bimolecular QRRK is remarkably effective in
predicting the pressure-dependent rate constants of many combustion
and pyrolysis reactions. The detailed applications here demonstrate

how parameters are selected and show the nature of the results that

can be obtained.

VII.3. Reactions of H+02, HO-, and O+OH
Destruction of 0, by H-atom, which is one of the most important

reactions in combustion, leads to two different sets of products. A
common misconception is that there are two mechanistically unrelated
reactions - one dependent on pressure and forming HO,, the other
independent of pressure and forming O+OH. In fact, there are two
product channels that both begin with addition to form HO,*, which
can be stabilized or which can decompose.

These two pathways are important for opposite reasons. When HO,
is formed, H, which is much more reactive, is scavenged from the
system. The second, chain-branching pathway forms two highly
reactive radicals, O and OH, which themselves have important roles in
combustion, including the regeneration of H from reactions with H,,
H,0, and CO. Modeling of combustion is also sensitive to the reverse
reaction of O+OH to form H+0,, and thermal decomposition of HO, can
be significant in ignition (Warnatz, 1984).

Consequently, these rate constants have been studied extensively
in experiment and theory. Most recently, Frank and Just (1985) have
clarified the rate constant for H+0, ~ CG+OH using shock-tube measure—
ments at 1700 to 2500 K. Cobos et al. (1985a) studied the fall-off
behavior of H+0, -~ HO, at 298 K. By theoretical analysis in the
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latter study, ke for that reaction and k for O+OH - H+0, were deter—

mined.

Selection of input parameters. - The broad data base of rate

constants for these reactions make them good test cases for the
bimolecular QRRK method. Parameters are shown on the energy diagram
of Fig. VII.1 and in Table VII.1l.

The first type of input data are kinetic parameters. For O+OH -
HO., ko was estimated as 2.0:10'3 cm®mol-1s-! by modifying an
estimation method (Benson, 1983) for recombination of alkyl radicals
(Appendix N) and using geometrically estimated steric factors B. The
koo for H+0, - HO, was taken from Cobos et al. (1985a), and Arrhenius
parameters for the reverse reactions were calculated using equilib-
rium constants at 298 K. All thermodynamic data were taken from the
JANAF tables (Stull et al., 1971) except for aH?,298(HO.) = 10.5
kJ/mol (2.5 kcal/mol) (Howard, 1980).

Next are the adduct properties and the collision properties of
the third-body gas. The geometric mean frequency <w> for HO, is '
calculated to be 1734 cm~! (frequencies from Stull et al., 1971) with
s=3 oscillators. Collision properties for HO, and the third-body
gases were taken from Kee et al. (1983). Finally, <AEco11> of the
third-body gases were taken from a review of the literature (Appendix
M).

Tests against data. — Predictions of the rate constants are
remarkably good, as shown in Figs. VII.2 through VII.5.

For k, of H+O,+M - HO,+M, M=H, (Fig. VII.2), and the fall-off
curve for H+0, - HO, (Fig. VI1.3), agreement with the data is excel-

lent. Agreement with the pronounced non-Arrhenius behavior in

Fig. VI1.2 is particularly remarkable. For comparison, correlation
of the fall-off curve is also shown for Troe’s formalism, a method of
correlation and prediction that is more parameter-rich.

Rate constanta for the chain-branching reaction H+0, - O+OH
(Fig. VII.4) are slightly higher than the data, but their temperature
dependence is correct. At elevated pressures, this reaction would
also be pressure-dependent, but at 100 kPa (1 atm), it is in a
pressure—-independent low-pressure limit (Eq. VI.22). The predicted
curve of bimolecular rate constants is alsc shown for H+0, —~ HO, at 1
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Table VII.1.

Parameters needed for bimolecular QRRK calculation

in the system of reactions involving H+0,, HO,, and O+OH.

Parameter description

Parameter value

Source

High-pressure limit
pre—exponential factors
and activation energies:
H"’Oz" Ho:

HOz"' H+02

O(3P)+OH~ HO,

HO.~ O(3P)+OH

—Properties of HO,-
Number of vibrational
degrees of freedom (s):
Geometric—mean
frequency <mo 2>:

Molecular weight
Lennard-Jones well depth
€/K and diameter ¢

-Properties of M-

M=H,: Molecular weight
€/K
-]
<AEco11>

M=He: Molecular weight
€/K
[
<ABco11>

M=CO: Molecular weight
€/K

(-4
<ABco1l1>

M=Ar: Molecular weight
€/K

c
<ABco11>

Ac4.5-1013 cmPmol-1g-1

Ec=0
A4.4-10138 -1
E.49.0 kcal/mol

A2.0:1013% cm®mol-1s-1

B0

Ae73.9:1014 g-1
E.=65.8 kcal/mol

3
1734 cm?

33.0 g/g-mol
107.4 K, 3.458 &

. p.
o
]

.47 kcal/mol
8.01 g/g-mol
8.1 K

3

1.2 kcal/mol
39.96 g/g-mol
135.5 K

3

0.74 kcal/mol
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Cobos et al.,
1985

Microscopic
reversibility

Estimate; results
imply that this
rate constant is
k(0O+OH - H+0,)=
3:1023 (see text)

Microscopic
reversibility

3:(3 atoms)-6

3y1389:1101 -3414
(Stull et al.,
1972)

Kee et al.,
1983

Kee et al.,
1983
Appendix M

Kee et sal.,
1983
Appendix M

Kee et al.,
1983
Appendix M
Kee et al.,
1983
Appendix M
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Fig. VII.2. Predicted low-pressure limit ko, (——) for H+0,+M -
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atm. The dominant product channel changes from HO, to O+OH at sbout
1000 K, accounting for the shift in importance of the two channels in
combustion chemistry.

Finally, predictions for the chemically activated addition/
decomposition reaction O+OH —~ H+0, are shown in Fig. VII.5. Agree-
ment with the data is quite good in magnitude. A slight decrease
with increasing temperature is shown in one of the data sets (Lewis
and Watson, 1980) and also in the prediction.

This reaction is in a pressure-independent low-pressure limit:

-]

i Ky 00 k2 (E)
M)-0 4 g=g_, K-1(B) + kz(E)
(r=m. )

in which k., (E) and k,(E) are both approximately 1012.-6 in the lowest
energy level of the chemically activated HO, (2=0). At 300 K, only
this ground state is important, as the distribution function f(E,T)
is 1.00 for the =0 state but 7.3:10-¢ for the =1 state. As a
result, ksse at 300 K is 53% of k,(0+OH -~ HO,). In part because the
barrier to H+O, is so much lower than the barrier to reform 0+OH, the
rate constant remains near this value. It decreases as temperature
goes up because f(E,T) gives more weight to higher energy levels, and
k_;(E) increases faster than k,(E) as energy level increases.

This rate constant was the only estimated parameter in the
calculation, so the measurements of Fig. VII.5, although for products
H+0,, indicate what k. (O+OH - HO,) should be. Because n>0 terms in
Eq. VI.22 may be neglected, the expression may be solved directly for
ki ,00 using kmeas (0+OH ~ H+0,)=1.8:1013, kprea=1.06-10*3, k,(E)=1012.6
and k., (E) proportional to k;,. (predicted 10'2-6 using k,,.2°1013).
A rate constant k,,,~3.0-1023 instead of 2.0-:101'3 would make agree-
ment with the data nearly exact.

Furthermore, the analysis shows that none of the other predicted
rate constants in this system were sensitive to the one estimated
parameter. Thus, in such cases where the rate constant for chemical-
ly activated addition/decomposition is proportional or equal to ke
for addition, the steric factors B for the reactants can be estimated

from measured rate constants for this channel, as in Appendix N.
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VII.4. Reactions of H+C2H. and of CH+3CH> via CaHa*
In fuel-rich combustion, the reactions of H+C,H, are important

because of the abundance of C,H, and H-atom. There are two channels:

an addition reaction that forms C,H, and an abstraction channel that
forms C,H+H,. The first reaction displays fall-off, while the second
is inherently pressure-independent.

The addition channel then provides a basic test of the predict-
ive power of bimolecular QRRK. The forward reaction, H+C.H, - C:H,,
is simple H-atom addition to a triple bond, which initially forms
chemically activated (C;Hs;)*. Its reverse reaction is a case of
elimination of H from a radical by beta-scission. [Beta-scission
describes the breaking of a bond on an atom adjacent to the radical
site (i.e., B to the radical), leaving a » bond between the original
radical site and the adjacent atom.)

Selection of input parameters. — The input data for QRRK are
presented in Table VII.2 and can be broken into two categories:

high-pressure-limit Arrhenius parameters and the properties of the

adduct. This adduct is C,Hs, so frequencies may be obtained easily
from literature sources (JANAF tables or Harding et al., 1982) as can
collisional properties (Kee et al., 1983). Collisional properties of
the third body M are the same as in Table VII.l.

Kinetic parameters for addition of H to C,H, are more controver—
sial, as suggested by Table VII.3. The measurements all have been
taken at relatively low temperatures, and among them, the first three
sets of data group together fairly well. In contrast, the fourth,
most recent set has higher rate constants by more than a factor of
two. Those authors (Sugawara et al., 1981) were aware of the
difference but could not rationalize it.

Theoretical analyses have not resolved this difference. Rather,
calculations in Table VII.3 show that absolute rate theory and
thermochemical kinetics predict A-factors that are 4 to 30 times
higher than the measurements. Keil et al. (1976), whose rate
constants were muck lower than such predictions, suggested that
either energy was not randomly distributed in the chemically activa-
ted C,Hs; or that the potential energy surface was not well-behaved.
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Table VII.2. Pearameters needed for QRRK calculations in the reac-
tions involving C,H,* as a chemically activated intermediate:
H"'Cgﬂz"’ Czng and ZCH+3CH2~ products.

Parameter description Parameter value Source
— Kinetic parameters for H+C H, —
H+C,H,~ C,Hs ko(400-1900 K)= See text

1.06:106T2 - 9exp(+4.4/RT)
cm®mol-1s-! or
Ao(660 K)=1.6-10%2,
Ex(660 K)=—1.9 kcal/mol
CpHs~ H+C,H, Ax(660 K)=4.7-1013 g-1 Microscopic
Eo(660 K)=40.0 kcal/mol® reversibility

~Properties of C,Hs-
Nunber of vibrational

degrees of freedom (s): 9 3:(5 atoms)-6
Geometric-mean
frequency <»)c aH 3! 1604 cm? From 3311,3295,
3178,1774, 1357,
1176,1174,791,

773 (Harding
et al., 1982)

Molecular weight 27.01 g/g—mol -
Lennard-Jones well depth
€/K and diameter o 209 K, 4.100 A Kee et el.,
1983
- Additional kinetic parameters needed for 2CH+3CH, -
2CH+3CH,~ C,H, A4 1013 cmemol-1s-? Appendix N
E.=0
C,Hs~= 2CH+3CH, Ac3.6:1026 g1 Microscopic
E<162 kcal/mol® reversibility
H+C,H-~ C,H, A79:1013 cm3mol-1s-! Estimate, methods
E.0 of App. N
CzHo~ H+CH A3 1015 g-12 Microscopic
E132 kcal/mol reversibility

® Based on AHf ,,93(C,H3)=70.4 kcal/mol (McMillen and Golden, 1982).
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Table VII.3. Deta and estimates for ke of H+C Hz— C.H,.

A °10-12, Eoo T, kz2oe 1010,
Source cmmol-ls-! _kcal/mol K cmimol-1g-1
Measurements
Keil et al. (1976) - - 2982 9.5:1.5

Payne and Stief (1976) 5.5¢1.6 2.41:0.14 193-400® 9.4:1.7

Ellul et al. (1981) 8.4:1.8 2.71:0.16 298-473 8.7

Sugawara et al. (1981) 22.9:1.2 2.7320.04 207-451c 22.8:2.2
Calculation

Absolute rate theory 100 to 160 - 298 -
(Keil et al.)

Thermochemical kinetics 1004 - 300 -
(Appendix 0)

8 From fall-off curve with measurements to 0.987 kPa (742 torr).

b Average of measurements at 0.53, 0.67 and 0.93 kPa (400, 500, and
700 torr).

¢ From fall-off curve with measurements to 1.7 kPa (1300 torr).

9 From equilibrium constant Kc ,dec (298 K)=0.565exp(-35.3/RT) and
calculated Ay ,dec (298 K)=5.4-:1013,
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They chose to use a transmission coefficient of k=0.0422 as a
correction factor. Harding et al. (1982) adopted this approach and
used K as a fitting parameter in their RRKM calculations to match the
data of Keil et al. and Payne and Stief (1976). Their result was
«x=0.039.

Using the reverse reaction and its equilibrium constant is not
helpful in resolving this difference, either. In the first place,
there is considerable controversy as to AHf ,,98(C2Ha); 70.4 kcal/mol
(McMillen and Golden, 1982) has been used here. Decomposition rate
constants for C,Hs have been measured at temperatures of 1200 to 2365
K, but all but one are low-pressure limits. In that study, Skinner
et al. (1971) inferred ko (CzHs — H+CoH;)=1.6-1019exp(-38.0/RT)s~-1 at
1100-1500 K. Using Kc ,dec=1.87exp(-36.6/RT) at 1270 K, the mean 1/T
for those experiments, keo(CoHo+H-C,H3)=9-10'2exp(-1.4/RT) can be
inferred. Superficially, this result would seem to be more in accord
with the theoretical estimates at 298 K than with addition data.

However, some of the variations in addition data and over ranges
of temperature are due to a non-Arrhenius k.. From analyzing the
A-factor for C,Hs - C,H,+H by thermochemical kinetics (Appendix O),
<&Cp %> is found to vary from 0.9]1 to 4.23, giving a weighted average
of 2.50 over 400 to 1900 K, the experimental range of interest in the
flame being modeled. This <ACp #> introduces a T2:26 dependence in ke
for decomposition over 400-1400 K, causing some slight curvature, but
the dominating influence on temperature dependence is Ey,dec.

The power-law dependence for addition would be T!-8 at room
temperature, which brings the results of Payne and Stief and of Ellul
et al. even closer to kzg,=4.0:10'2exp(-37.8/RT) and 3.3:1012
exp(-37.8/RT). The same adjustment to the results of Sugawara et
al. changes it only to k,gs=14.1-1012exp(—-38.1/RT), leaving an
unexplained difference from the other addition rate constants.

Because of the agreement among the first three measurements, the
rate constant of Payne and Stief (1976) was used to establish ke for
decomposition and addition. The non-Arrhenius temperature dependence
in Kke,dec is a problem for QRREK because the method requires Arrhenius
parameters for calculating C,Hs* - C,H,+F. The compromise that was

made in these addition calculations was to use ky,asa in the full,
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three-parameter non-Arrhenius form for the temperature range of
interest and ke,dec at the 1/T mean, expressed in Arrhenius form
(derivable from the non-Arrhenius form). These parameters for the
range 400 to 1900 K are reported in Ch. VII.S8.

Tests against data and RRKM prediction. - To test the QRRK

predictions, fall-off data at 298 K and low-pressure-limit, high-
temperature data on the decomposition were used.

The fall-off calculation is shown in Fig. VII.6, compared to the
data of Keil et al. (1976) and of Payne and Stief (1976) and to RRKM
correlation by Harding et al. (1982). Agreement with the RRKM curve
is excellent and, with the data, agreement is quite good except at
the lowest pressures. Keil et al. noted that there were experimental
problems at these lowest pressures, but there do not seem to be
grounds for ruling out those data without more information.

Understanding the natures of the RRKM calculation es prediction
and correlation is revealing. As noted above, Harding et al. forced
their prediction to match k,,add of Payne and Stief by using a
transmission coefficient much less than 1. In addition, both the
transmission coefficient k and the collision efficiency B were
adjustable parameters. The value of B that resulted was 0.33,
compared with 0.31 from Troe’s equation (Eq. VI.6) in the present
calculation.

The second comparison with data is prediction of the low-press-
ure limit for decomposition of C,Hs (Fig. VII.7), where Ar was the
third-body gas. The rate constant ke(C,Hs - C,H»+H) is calculated at
1660 K (the 1/T midpoint of the range of data), properly taking into
account the power—law dependence. This calculation gives excellent
agreement with the data. For comparison, calculations based impro-
perly on k,(298) are shown for comparison as a dotted lime, which
lies an order of magnitude above the data curves.

Figure VI1.8 summarizes these calculatiorns by showing the
abstraction, addition, and overall rate constants for H+C,H,. At the
flame condition of 2.67 kPa (20 torr, 0.0263 atm) and M=CO, addition
dominates up to 1400 K, where abstraction bégins to have a higher
rate constant. This crossover occurs near 2000 K at 1 atm because of

the higher rate constants for addition. The non-Arrhenius shape of
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ke is also apparent from this plot. The fit of the predicted rate
constant for addition at 2.67 kPa, M=CO, and 400-1900 K is
3.89:1021T-3.66exp(+0.195/RT), having a maximum deviation of B.5%
from the calculated rate constants. 1Its falloff from ky,aaa varies
from 0.07 at 400 K to 7:10-4 at 1900 K.

Reaction of CH+3CH2 via CoHs*. - Simple combination of these
two radicals leads to a doublet species :CH-(CH»:), which should
proceed rapidly to vibrationally excited, electronic ground-state

vinyl (-CH=CH;). The assumptions made for these calculations are

that (1) the reaction results from radical combination rather than by
insertion of CH and that, in effect, (2) the reaction proceeds on the
potential energy surface of vinyl radical; that is, via vibrationally
excited C,H,.

The necessary kinetic parameters are shown at the bottom of
Table VII.2. Any C,H, that is produced by decomposition of C,Hs*
will have a significant amount of excess energy because the reactants
combine with 162 kcal/mol energy above ground-state C,H,. According-
ly, parameters are also listed for the secondary decomposition
reaction (Ch. VI.6) of C,H,* = C,H+H, where the reverse, recombina-
tion rate constant is estimated to be 9:1013. C,H, has 7 oscillators
with a mean frequency of 1604 cm-1 (Stull et al., 1971), and its
Leonard-Jones parameters are 0=4.10 A and €/&4=209 K. Chemi-ioniza-
tion to form C,Hy* + e~ is possible (barrier=208 kcal/mol), but
secondary decomposition of C,H,* to form C,H,*+e" (+H) is unlikely
because the ionization potential of C,H, and the barrier for C,H, -
C.H,+H combine to imply an effective barrier of 360 kcal/mol.
Molecular elimination of H, from C,H,* to form C, might be another
possibility, but it is not included here.

Formation of C,H,*+H is predicted to occur with k(overall)=
koo( :CH=CH,-), as shown in Fig. VII.9. For 2.67 kPa and M=CO, colli-
sional stabilization of C,H,* to C,H, dominates below 1300 K, but
above that temperature, secondary decomposition dominates, forming
C H+H(+H). The curve fitted to predictions for the C,H,+H channel is
shown as a dotted line to emphasize the approximation caused by

fitting.
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VII.5. Reactions of H+CoHs, H2+C2H>, and 3CH2+3CH:
Next, the reaction of H-atom and vinyl radical is considered.

Both of these species are important in pyrolysis and fuel-rich
combustion, and this is especially important in the present C.H,
flame.

The reaction of H+C,H,; is reported to form H,+C,H, with a large
rate constant (2.0:1013) and no activation energy. The data are
rather scattered and pressure-independence has been assumed (Warnatz,
1984). From this information, the mechanism of this reaction has
been generally attributed to H-transfer by disproportionation (for
exanple, Keil et al., 1976).

A problem with this description is apparent if Benson’s work on
disproportionation is considered (Benson, 1983). He found that this
class of reactions is explained best by invoking long-range forces of
polarization. This presents a problem in the case of H+C,Hs, because
H cannot be polarized.

Instead, analysis of the rate constant by bimolecular QRRK
showed that the data were described well by combination of H and C,Hs
to excited C,H,*, which could decompose to H,+C,H, by a 4—-center
molecular elimination. From the same analysis, rate constants were
determined for the pyrolysis of C,H, to H+C,H3, 2H+C,H,, or to
H,+C,H,; for the reaction H,+C,H, - C,H,, H+C Hs, and to 3CH+3CH,;
and for the various product channels of 3CH,+3CH,.

Selection of input parameters. — Input parameters are shown in
Fig. VI1I.10 and Table V1I.4. The k., for H+C,H, was estimated as
5.7-10'3 cm®mol-2s-1 by the recombination method of Appendix N. It
relies on a steric factor B(C,H,) estimated as 0.33 (50% uncertain-
ty). The other aspect of uncertainty in this estimate is using 295
kJ/mol (70.4 kcal/mol) as the heat of formation of C,H,, as recom—
mended by McMillen and Golden (1982). This recommendation for
AH? , ,9¢ seems well-founded (Sharma et al., 1985; Lee, 1985), but if
the lower numbers such as 264 kJ/mol (63 kcal/mol) were correct, the
rate constant would be lowered only by 2%. The uncertainty in the

steric factor B(C;H,) is much greater than this. Of course, Eact for

the reverse rate constant, calculated by microscopic reversibility,

would be directly affected by AHT,»54(C2Hs).
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ly activated decomposition to C,H>+H,.
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Table VII.4. Parameters needed for QRRK calculations for the
potential-energy surface of C,H, involving H+C,H,, H,+C;H,, and
3CH,+3CH,.

Parameter description Parameter value Source
-Kinetic parameters-—
H+C,Hs~CoH, Ax=5.7°10*3 cm®mol-is8-! Appendix N
Eo=0
C,H,~H+C_ H, A72.4-1025 -2 Microscopic
E.109.4 kcal/mola reversibility
H,+C,H,~C,H, Ac5.3:1012 cm®mol-1s-1 See text
E.~47.1 kcal/mol
C.H,~H,+C,H> A2.1-1019 g1 See text
E.~88.8 kcal/mol?
3CH,+3CH,~C,H, Ae=3.2-1013 cm®mol-1s-! Braun, Bass, and
Eo=0 Pilling (1970)
[see text]
C,H,+2CH,+3CH, A=3.0-1027 g-1? Microscopic
E.~169 kcal/mol reversibility

-Properties of C,H,~-
Number of vibrational

degrees of freedom (s): 12 3:(6 atoms)-6
Geometric—mean
frequency <v>c s 4: 1586 cm—2 From frequencies

in JANAF tables
(Stull et al.,

1971)
Molecular weight 28.05 g/g-mol -
Lennard-Jones well depth
€/Kk end diameter o 280.8 K, 3.971 A Kee et al., 1983

@ Based on AHf ,294(C2-H3)=70.4 kcal/mol (McMillen and Golden, 1982).
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Obtaining k. for the molecular elimination of H, from C,H, is
more approximate. Ey,aada has been estimated by Benson and Haugen
(1966) for the reaction as a four—center, concerted, 1,2-H elimina-
tion, giving 167 kJ/mol (40 kcal/mol) at 298 K and (by implication)
Ew,dec=81.1 kcal/mol.

Ay for the elimination is calculated in Appendix O from their
transition-state geometry and from frequencies estimated here. The
resulting value of Ky, 298(CzH¢ = Hy+C,H2)=1.1:1014 s-1 can be
compared with the recent estimate of 10!2-9T9.44exp(-44670/T) by
Tsang and Hampson (1985), which becomes 1.5 -10'4exp(-88.8/RT) at 298
K. The estimated energy barrier to elimination is the principal
difference.

A 1,1-H elimination (three-center transition state) is an
interesting alternative because of the molecular elimination of H,
from H,C=0, a species which is isoelectronic with H,C=CH,. Bauer
(1967) investigated the addition of molecular deuterium to C,H, by
examining deuterium exchange in a single-pulse shock tube at 1300 to
1660 K (M=Ar). He interpreted the results as 1,1-D, addition,
forming triplet (‘CH-)-CHD,, which would rearrange to excited CHD=CHD
by 1,2-D shift, rearrange to triplet -CD-—-CH,D, and finally eliminate
HD. He correlated his rate data using the expression
8:107exp(-33.8/RT)[D,][C,H,]°-2%[Ar]° for formation of HC=xCD.
Unfortunately, the fractional order of [C,H,] makes it difficult to
assess these activation energies in terms of barriers.

Tests against pyrolysis data. — The value of k. (C.H, ~ CoH,+H:)

and the transition state may be uncertain, but this product channel
is now recognized to be the dominant channel in ethylene pyrolysis.
Testing against data for the thermal decomposition of C,H; is a way
of verifying the ky, used here.

Separate rate constants for C,H; decomposition to C,H,+H, and to
C,Hs+H have been measured by Just, Roth, and Daam (1977) and by
Tanzawa and Gardiner (1980). The rate constants were determined by
modeling a signal-time curve from shock-tube pyrolysis of ethylene
using a proposed chemical mechanism. In the first case, the modeled

parameter was H-atom concentration measured by atomic resonance
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absorption, and in the second, density gradients (time-dependent heat
of reaction) from laser-schlieren methods were used.

Predictions by unimolecular QRRK are compared to these rate
constants in the Arrhenius plot of Fig. VII.ll, expressing the
predictions as kuni/[M]. Both the Tsang value of k(C,Hs ~ C,H,+H,),
expressed in Arrhenius form at 1920 K, and the estimate by methods of
Benson and Haugen (1967) (Appendix O) are used. Use of the Tsang
rate constant gives good agreement for both the C,H,+H, and the
C,Hs+H channel, while k. from Appendix O gives a rate constant for
the C,H,+H, channel that is a factor of five too high. The higher
barrier (91 vs. 8l) of the Tsang estimate is the principal cause of
this difference.

Some thermal production of C,H,+2H is also predicted (Fig.
VII.1l), although with a lower rate constant than for the other
reactions. This channel comes from the highest energy levels of
thermally excited C,H * which decompose to H and C,H,*, which in turn
can either decompose or be stabilized by collisions.

One conflict with the rate constants of Just et al. and of
Tanzawa and Gardiner is that those workers expressed the decomposi-
tions as being in the low-pressure limit (C,H,+M - Products+M). The
fall-off curves of Fig. VII.1l2 show the effect of pressure on the
apparent kuni at 2000 K. Again, predictions using the Tsang ke are
quite good, while the estimate of Appendix O is much poorer and would
predict a transition to C,H;+H dominance with increasing pressure.

However, the predictions also show that the low-pressure limit
is not a good assumption for the dominant C,H,+H, channel. QRRK
calculations indicate that the C,H.+H channel is close to the
low-pressure limit, but the C,H,+H, channel is predicted to be
intermediate between the low- and high-pressure limits. For 2.8 atm,
the median pressure of Just et al., the fractional order dependence
is predicted to be [Ar]0-37, Similarly, at 0.66 atm for Tanzawa and
Gardiner, the fractional order is predicted to be 0.46.

Other data in the literature support this aspect of the predic~-
tions. Gay et al. (1966) reported from théir shock—-tube studies that
the apparent kuni for C;H; decomposition was proportional to [Ne]°-5
at 1712-2170 K and neon pressures of 0.26-1.9 atm. /s noted above,

244



12 - T '
Decomposition

- k (uni) / [M] 1

. =~ for C2H4:
n 10 .
r; To C2H2 + H2
@]
=
~N
(4]
e
o
X
o
<
)]
o 4r M=Ar 7
— — —Using k (Appendix 0)

L Using k (Tsang) i

2 : L '
0.40 0.50 0.60

1000/ (Temperature, K)

Fig. VII.1ll. Predictions of rate constants for thermal decompos-
ition C,Hs + M — products + M compared to the data of Just,
Roth, and Damm (1977) [JRD -:--- ] and of Tanzawa and Gardiner
(1980) (TG - - - -=]. Pressure 2.8 atm, M=Ar. Predictions
differ by the use of different estimates for keo(C-H¢ = CoHo+H,):

by Tsang and Hampson (1985) and —— —— from Appendix

0 using the method of Benson and Haugen (1967).
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Fig. VII.12. Predictions of fall-off curves at 2000 K, M=Ar, for
thermal decomposition C,H, - C,H.+H, and C,H,+H compared to the
data of Just, Roth, and Damm (1977) [JRD: + and O] and of
Tanzawa and Gardiner (1980) [TG: x and ®|. Predictions differ
by the use of different estimates for ko (C Hs - C-H,+H2):

by Tsang and Hampson (1985) and — —— from Appendix

0 using the method of Benson and Haugen (1967). Pressure

dependence of C,Hs = C,H,+2H also shown.
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C,H,+H, is now recognized to be the dominant product channel, so the
overal rate constant describes the pressure dependence of this
channel in particular. More directly, Bauer (1967) found that the
apparent kuni for C,H, formation by shock-tube pyrolysis of C,H, was
actually of order 0.6:0.1 with respect to Ar at 1120-1560 K and
pressures on the order of 0.05 atm. Predictions by unimolecular QRRK
for these conditions give fractional orders of 0.42 and 0.40 for the
two studies, respectively, in good agreement with the data.

The pressure dependence of C,Hs - C H,+2H (Fig. VII.1l2) does not
follow classical fall-off behavior, but instead it has a maximum at
2.5 atm (250 kPa). At low pressures, this channel is dominated by
collisional excitation and de-excitetion of C,H, and has a classical
low-pressure limit, C,H,+M - C,H,+2H+M. As pressure increases beyond
the high-pressure limit for C,H, —~ C,H +H, C,H,* is still formed from
the highest energy levels of C,Hs*, but it is stabilized rapidly by
collisions and cannot lead to C,H,+H. As a consequence, the rate
constant for the secondary-decomposition channel becomes proportional
to [M]-1.

In summary, unimolecular QRRK is quantitatively successful in
predicting rate constants for ethylene pyrolysis. The estimate of ke
for 1,2-H, molecular elimination by the method of Benson and Haugen
(1967) was qualitatively correct. However, Tsang’s ke is chosen for
further calculations. It gave much better predictions of thermal
decomposition data because of its higher A, and E,.

Reactions of H+C2Hs. — The data for this reaction are rather
scattered (Fig. VII.13), but bimolecular QRRK analysis predicts the

rate constant well. The overall rate constant is not pressure-

dependent, but it is the sum of C,H,+H, formation and C,H, formation
(Fig. VII.1l4). Each of these reactions has a pressure—-dependence,
but addition/decomposition decreases with increasing pressure, while
addition/stabilization increases with increasing pressure.
Disproportionation cannot account for the reaction mechanistic—
ally, as noted above. However, a high, pressure-independent rate
constant, such as is observed for disproportionation, has been

observed or assumed in the past. By comparing the details of the
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Fig. VII.13. Predictions at 0.0l to 10 atm compared to data for
H+C,H, - C,H,+H,. Data: Skinner et al. (1971) [SSD - -];
Tanzawa and Gardiner (1980) [TG - -]}; Benson and Haugen (1967)
[BH est. — -]; Volpi and Zocci (1966) [VZ m); Keil et al. (1976)
[KLCM ®]; and Hoyermann (1981) [H ®]. M=Ar.
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data, it seems clear that they are in fact consistent with these
predictions.

As shown in Fig. VII.13, the rate constant is predicted to be
only a weak function of pressure at high temperatures. Shock-tube
measurements by Skinner et al. (1971) gave k(overall) for H+C,H, as
pressure-independent. Tanzawa and Gardiner (1980) estimated k for
the specific reaction H+C,H; - C,H,+H,, also from shock-tube measure—
ments, and found no apparent pressure effect. Benson and Haugen
(1967) report an estimate for the reaction but do not base it on
specific measurements.

Three low-temperature measurements may be compared. First,
Volpi and Zocci (1966) observed that the reaction must have been
equilibrated in their system (313 K, 1.35-2.00 torr) and thus
inferred a lower limit of 1012 for the rate constant. Second, Keil
et al. (1976) estimated k=0.6 to 1.2-10?3 (assuming pressure—indepen-—
dence and the identities of the products) because a higher value
would introduce discrepancies in k(H+C,H, - C,Hs) at pressures
approaching 1 atm. Finally, Warnatz (1984) cites a rate constant
measured directly by Hoyermann (private communication, 1981) in a
flow reactor with mass spectrometric analysis. No conditions are
given, but the flow reactor of Hoyermann et al. (1981) typically
operates at 0.5 to 2 torr (0.7 to 3-:10-4 atm).

Again, the predictions are consistent with the data. The lower
limit of 1012 from Volpi and Zocchi presents no difficulties, as the
prediction for their conditions is 5.7-10'3, a low-pressure limit
(pressure-independent) for chemically activated decomposition. For
the rate constant of Keil et al., the range of the rate constant is
as would Se expected for conditions at which the estimate is based
(pressures approaching 1 atm), although Keil’s study extended to much
lower pressures. The value of Hoyermann is the only direct measure-
ment, and it is in excellent agreement with the prediction.

Abstraction of H from the non-radical end of H,C=CH:- may be
possible, but even at high temperatures, iy does not appear to
contribute. If it were occurring, it would have a positive Eact and
would cause the rate constant to increase with increasing tempera-

ture. Instead, the progression among the reliable rate constants of
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Hoyermann (298 K), Skinner et al. (1100-1500 K), and Tanzawa and
Gardiner (2000-2540) show only a steady decline in the rate constant.
Based on the agreement of QRRK predictions with data, rate
constants may be calculated and used for the present flame conditions

of 400 to 1900 K, 2.67 kPa (20 torr), and M=CO (Fig. VII.15).

Because of the non—Arrhenius shapes of the curves, the fits to the
rate constants are 6.2:1014T-0-32exp(+0.085/RT) within 3% for H,+C,H,
and 3.3:1026T-4-7exp(-3.4/RT) within 7% for C,H, formation. The
product channel 3CH,+3CH, (see below) was also considered, but even
at 1900 K, this rate constant was four orders of magnitude lower than

the overall rate constant.
Reactions of 3CH2+3CHz via Cz2Hs*. - The combination reaction of

methylene with itself must proceed via excited C,H;, so it can be
analvzed with the information above. Laufer (1981) has concluded
that the products of combination of triplet methylene are both
CoH,(&%B,)+H, and C,H, (%! Lg*)+2H.

Rate constants are limited to a room-temperature measurement and
a high-temperature measurement. At 298 K, Braun, Bass, and Pilling
(1970) observed the formation of C,H, and, at the same time, a
disappearance of 3CH, that was second-order in 3CH,. Their rate
constant of 3.2:10!3 cm®mol-!s-! was pressure-independent at 0.01 to
93 kPa He, and the assumed co-product was H,.

Russell and Rowland (1979) posed a convincing challenge that H+H
were the co-products at 298 K. In photolysis of ketene and tritiated
ketene (CT,CO) at 298 K and 0.61 kPa (3.5 torr), singlet methylenes
1CH, and 1CT, were generated and were assumed to be quenched to
triplet species 3CH, and 3CT,, which could react with each other.
They also assumed that molecular elimination would give HC=CT and HT
in roughly equal amounts, while loss of H or T atoms would lead to
HCaCT and HCaCH but not HT, as T atoms would be scavenged by CH,CO to
form CH,T+CO. Experimentally, they observed an HCsCT/HT ratio of
12/1, which led to an estimate that the C H,+H, channel accounted for
no more than 15% of the products of methylene combination. They
postulated that 3CH,+3CH, formed C,H.* which in turn formed C.H.*+H,
and that C H,* could decompose further to C,H,+H.
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Frank, Bhaskaran, and Just (in press) deduced k=(1$0.2) -1014
cm®mol-1s-! for CH,+CH, - C,H,+2H by modeling H-atom measurements
from shock-tube pyrolysis of ketene at 2000-2800 K and Ar pressures
of approximately 0.16 MPa (1.6 atm). CH, was recognized in that
study to be present as a mixture of singlet and triplet states.
Branching between product channels was concluded to favor C,H,+2H
over C,H,+H,».

Rate constants from 3CH,+3CH, to thermal (collisionally stabil-
ized) products C,H,, C,H,+H, C.H,+2H, and C,H,+H, can be calculated
by bimclecular QRRK using the input parameters of Table VII.4. 1In
Fig. VI1.16, the calculations for 400-1900 K, M=CO, and 2.67 kPa (20
torr) are shown to favor only the C,H, channels, with C,H,+2H
dominating by 0.57/0.43 at low temperatures and 2/1 at 1900 K. For
both these reactions, the rate constants are at their low-pressure
limits for chemically activated decomposition. C,H, and C,Hs+H
channels were 3 to 5 orders of magnitude slower than the dominant
channels at these conditions, and the overall rate constant was
virtually the same throughout the temperature range.

The qualitative dominance of C,H,+2H is as Russell and Rowland
had observed, but successive decompositions of H,C=CH,* and C,Hs* are
predicted to dominate molecular elimination by less than their 7/1
ratio. A possible reason for this difference is that the initial
adduct ‘CH,-CH,‘* could have a long enough lifetime to decompose to
C,H.*+H before forming C,H,*. However, this seems unlikely, as
formation of C,H,* should be very rapid.

The rate constant of Frank et al. for CH,+CH,, (1.0$0.2)-1024¢ at
2000 to 2800 K, is 3 to 5 times greater than the room-temperature
measurement of Braun et al., probably because of the high reactivity
of 1CH,. Applying the recombination method of Benson and Haugen
(1967) in Appendix N and assuming the steric factor B(3CH,) to be
constant, the combination rate constant for 3CH,+3CH, would be
proportional to T!/® and would increase only to 4.5-1023 at high
temperatures, still less than measured. However, singlet 1CH, can
insert rapidly into C-H bonds, and it should make up 5% or more of
the CH,. The rate constant then probably corresponds to !CH,+CH, =
(‘CH-—CHg4)* - ( -CH=CHz)*+H -~ C_ H,+2H.
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In summary, the bimolecular QRRK calculations show rapidly and
easily the effects of the different input parameters. Observations
of H+C,Hs and CH,+CH, rate constants are shown to be consistent with
predicted pressure dependences or independence, and physically,
chemically realistic rate constants are predicted for testing in
mechanistic models. Finally, the importance of discriminating
between 3CH, and !CH, in models is re—emphasized by the comparisons

between data and QRRK predictions.

VII.6. Reactions of H+Cz2Ha, 3CH2+CHs and 2CHz2+CHs
C.Hs is produced as an intermediate by hydrogen abstraction or

beta-scission of larger radicals during cracking processes to make
ethylene. The radical then can decompose to H+C,H, with a pressure-
dependent rate constant. The reverse reaction, addition, is likewise
important, and it competes with a pressure-independent abstraction
reaction H+C,H; - H,+C,H,. As noted before, fall-off curves for
decomposition and addition will be the same if there is no other
decomposition channel involved.

Selection of input parameters. — To make predictions of the
rate constant by bimolecular QRRK, A, and E, for addition and
decomposition are the key parameters. Hase and Schlegel (1982)

identified non-Arrhenius curvature in Ke,dec that is like that of

C,H; decomposition, discussed above and in App. 0. Just as for C,H,
and H+C,H,, measurements of the forward and reverse rates are also
brought into agreement by this understanding. A, and E, for decom—-
position were taken from Hase and Schlegel at 660 K, the mean of T-!
for the present temperature range of 400-1900 K. The addition rate
constant was calculated by microscopic reversibility.

These and other necessary parameters are summarized on the
energy diagram of Fig. VII.17 and in Table VII.S5.

Tests against data. — Calculation of the low-pressure limit for

decomposition of C,Hs, shown in Fig. VI1.18, shows the success of the
unimolecular QRRK method, modified by Troe’s collision efficiency 8.
The prediction is in excellent agreement with data. Calculations of

fall-off are also in good agreement with data.
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Table VII.5. Parameters needed for QRRK calculations for the
potential-energy surface of C;Hs involving H+C,H,, 3CHy+CHs, and
1CH,+CHs.

Parameter description Parameter value Source

—Kinetic parameters-

H+CH ~CH; Ac2.0:1024% cm®mol-1s-! Microscopic
Es3.6 kcal/mol reversibility

CH,~H+C. H, Aoi1.22-1024 g2 Hase and Schlegel
E.40.1 kcal/mol (1982), 660 K

3CH,+CH3~C Hy Aord.2:1013 cm®mol-1s-1 See text
E.~0 kcal/mol

CoHy-3CH,+CH4 A~8B.3:1025 g2 Microscopic
Eoc97.4 kcal/mol reversibility

1CH,+CHs~C.Hy A~2.8:1013 cm3mol-1s-1 Estimated from
E~0 1CH,+CH, (see

text)

CoHg~+!CH,+CH 4 AF3.1-1015 g2 Microscopic

E.~106.4 kcal/mol reversibility

-Properties of C Hs—
Number of vibrational

degrees of freedom (s): 15 3:(7 atoms)-6
Geometric-mean
frequency <»>c s 1458 cm1 From 2925,3:3000,

2950,2-1050, 1400,
1400, 3-1450,800,
1250, 1300, 200
(Appendix N)

Molecular weight 29.01 g/g-mol -
Lennard-Jones well depth
€/k and diameter o 252.3 K, 4.302 & Kee et al., 1983
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In Fig. VII.19, prediction of the rate constant for addition is
compared to the rate constant for the metathesis reaction to C,H,+H,
that was selected by Warnatz (1984). The present flame conditions of
M=CO, 2.67 kPa, and 400 to 1900 K were used.

Addition dominates the branching between products at low
temperature, and H-atom abstraction dominates at high temperatures.
However, pressure determines the temperature at which abstraction
becomes more important than addition. At 2.67 kPa, kada is near ke
below 500 K, but fall-off with increasing temperature causes a
minimum in the overall rate constant at 1200 K when kadaa crosses over
kabs. Increasing the pressure to 100 kPa (1 atm) increases this
crossover point by about 200 K.

Reactions of 3CH2+CHz and !CH2+CHs via C2Hs*. - 3CH, reaction
with CHs is known experimentally to produce H+C,H, (Warnatz, 1984).
These products result from & radical-combination reaction (Laufer,
1981), but not all researchers have recognized that chemically
activated C,Hs* rather than thermal C,Hs is involved. In the closely
related reaction of 1CH,+CH,, H+C,H, are also thought to result from
1CH, insertion into a C-H bond, followed by chemically activated
decomposition (Tsang and Hampson, 1985). No data are available.

These rate constants can be easily evaluated by bimolecular
QRRK. For 3CH,+CHs - C,Hs, ko is estimated in Appendix N to be
6.9:1023 cm3®mol-1s-1. For 1CH,+CH,; - C,Hs, ko is estimated to be
2.8-10!'3 cmPmol-1s-1, based on the rate constants for the 1CH,+CH,
insertion reaction by Ashford et al. (198l1) and by Langford et
al. (1983) corrected for reaction-path degeneracy. These and other

necessary parameters are shown in Table VII.S5.

As shown in Fig. VII.20, 3CH,+CH; goes to H+C,H, with a rate
constant (shown as a dashed line) that is within 10X% of ky for
SCH,+CHs -~ C,Hs; at as high a temperature as 1700 K. Even at 2700 K,
the prediction is 60% of ke,ada. Formation of thermalized C,Hs was 2
to 4 orders of magnitude slower.

These zalculations were made at 2.67 kPa for M=CO, but the rate
constant is at a pressure-independent, low-pressure limit for
chemically activated addition/decomposition. For Ar at 1 atm, the

result is virtually the same.
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Fig. VII.19. Predictions of rate constants for H+C.H, addition

at 2.67 kPa in CO;

metathesis reaction to H,+C,H; and result-

ing overall rate constant for H+C,H, also shown for reference.
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and LB(PR) as an improved estimate of ke
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The predictions (dashed line in Fig. VII.20) are slightly higher
than the data. QRRK analysis shows that the source of the difference
is solely the choice of k(3CH,+CH; - C,Hs) as 6.9-°1013., Laufer
(1981) has re-evaluated the room—temperature measurements of Laufer
and Bass (1975; 6-:1013) and of Pilling and Robertson (1975; 3:1013)
based on new data on the rate constant for CHs recombination. This
had been a competing reaction that strongly affected the original
data analyses, and differing values had been used. The new values
move closer to each other, becoming 4.8:10!3 and 3.6:10!3 respective-
ly. Based on these rate constants and the QRRK analysis, a better
value of kg is 4.2:1013. Predictions using this k. are shown in
Fig. VII.20 as a solid line.

Predictions for 1CH,+CH, (Fig. VII.21) show that H+CH, is the
dominant product channel over most of the temperature range, but also
that reactive quenching to 3CH, is important. [The improved estimate
of keo(3CH,+CH; = C,Hs) is used.] The overall rate constant stays
approximately at ko (:CH,+CHs - C,Hs), so the magnitudes of the
individual rate constants are again shown to depend directly on the
rate constant for forming C,Hs*. Formation of thermalized C,Hg is
again negligible, occurring 3 to 5 orders of magnitude more slowly
than the overall reaction. The branching into 3CH,+CH; formation is
also a reasonable consequence of the reaction, but it is another way

that the reactivities of the two species differ.

VII.7. Reaction of 0+CO - CO2
Destruction of CO by O0(3P), the ground electronic state of

O-atom, is important in the dry combustion of CO and because of the
puzzling non—Arrhenius behavior of its rate constant. It is unimpor-
tant for hydrocarbon combustion, where OH is formed, because destruc—
tion of CO by OH is much faster. As an example, at 2000 K and 1 atm,
koy is 5-°10'1 s-1, while ko-atom is-1:10° s-! (Warnatz, 1984). 1In
fact, a major problem in accurately measuring the rate constant for
0+CO has been that any H,0 impurity leads to OH, which accelerates CO
destruction significantly (Baulch et al., 1§76).

Available data on the reaction (Baulch et al., 1976; Warnatz,
1884) are treated as third-order (0+CO+M -~ CO2+M with rate constant
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ko). The puzzle is that the data, despite scatter, seem to show a
positive Eact at low temperatures but negative Eact at high tempera-
tures. This switch seems to occur at about 1000 K. As a conse-
quence, Baulch et al. (1976) recommended k, only for the range
250-500 K, while Warnatz (1984) recommended k, only for 1000-3000 K.

Selection of input parameters. — The input parameters for this

bimolecular QRRK analysis are shown on the energy diagram of Fig.
VII.22 and in Table VII.6. Experimental Arrhenius parameters A, and
Eact, e for addition are given by Troe (1974). For the dissociation,
A_;,0 and E_; are calculated by detailed balancing using the equili-
brium constant at 298 K.

The analysis showed good agreement with the data, including the
maximum in the rate constant. In Fig. VII.23, recent measurements
made in Ar are taken from a recent review (Warnatz, 1984). 1In
comparison to these data, predictions are shown for the low-pressure
limit ko, for addition/stabilization and for kvi/{M] at 100 kPa (1
atm). Agreement is quite good. It is notable that (1) no parameters
were adjusted and (2) not all the measurements were experimentally
confirmed to be in the low-pressure limit. Most notably, the
prediction resolves the apparent inconsistency between the low- and
high-temperature data by showing a maximum near 1000 K.

The reasons for the maximum also can be established from QRRK
components of k,. Equation VI.21 for k,,a/s may be rewritten in this

case (ko(E)=0) as

- -]
= Ki,0008:2 .
kars,0 = I “k.,m  fED
E-E._,
(Fm_,)
- Numerator(T)
- E-g Denominator(E) f(E,T) . [VII.2]
O
(m=m. )

Values of these parameters are shown in Table V1I.7. There, the
energy distribution function f(E,T) is shown to be a weighting
function for a ratio that has a temperature-dependent numerator and

an energy-dependent denominator.
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Fig. VII.22. Energy diagram for O(SP)+CO - CO, (energies in
kJ/mol except where stated otherwise).
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Table VII.6.
coz.

Parameter description

Parameter value

Parameters needed for QRRK calculations for O(3P)+CO —~

_Source

-Kinetic parameters-
0+CO -~ CO,

C0, - 0+CO

-Properties of CO,-
Number of vibrational
degrees of freedom (s8):
Geometric-mean
frequency <»>co 2!

Molecular weight
Lennard-Jones well depth
€/k and diameter o

A~1.8:1019 cmimol-1s-1
E.~10.2 kcal/mol
A=3.5-1012 g-1
E.=128.3 kcal/mol

4

1089 cm?
44.01 g/g-mol
244 K, 3.763 A

266

Troe (1974)

Microscopic
reversibility

3-(3 atoms)-5

From Stull et al.
{(1971)

Kee et al., 1983
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The predicted maximum in ko, can be understood from the elements
of Table VII.7 by inspecting the interplay between energy— and
temperature—dependence. At a given energy level, the ratio increases
with temperature (because of the numerator) by an order of magnitude
from 300 tc 1000 K, but it increases only slightly from 1000 to 2000
K. At a given temperature, the ratio increases sharply with increas-
ing energy (because of the denominator) in the lower quantum levels.
There would be no maximum if only a single energy of CO.* were
involved, but the weighting function f(E,T) shifts to higher energy
levels as temperature increases. Thus, at low temperatures, the
lowest energy state dominates; causing ko, to increase with increasing
temperature as if there were only one energy; while at higher
temperatures, the shift in f(E,T) toward the higher energy levels and
the weak temperature-dependence of the numerator causes ko, to fall

with increasing temperature.

V1I.8. Conclusions

The bimolecular adaptations of unimolecular QRRK (Kassel, 1928b)'

by Dean (1985), and in the present work correctly predict pressure
and temperatire dependences of many reactions important to combustion
and pyrolysis. These reactions are recombinations and additions that
form an excited intermediate, which then may be stabilized by
collisions with surrounding molecules or may undergo energy-dependent
unimolecular reactions such as decomposition or isomerization. In
contrast, H-atom transfer reactions (abstraction and disproportiona-
tion) pass through a single transition state to stable products, so
they have pressure-independent rate constants.

The simple input parameters of this method makes the reaction
steps and the results easier to understand, particularly when
chemically activated pathways are involved. Some accuracy is
sacrificed relative to the more complex methods, but direct compari-
sons here with RRKM and Troe’s formalism show that the differences
can be quite small. Furthermore, the necessary data for QRRK are all
properties of the radical or molecule that is the stabilized adduct:

collision properties, vibrational frequencies, and high-pressure-
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limit rate constants for its unimolecular reactions. Such parameters
often are available in the literature or can be estimated with good
accuracy.

For modeling combustion or pyrolysis, use of this method gives
useful predictions of the effects of pressure on rate constants.
Three-parameter fits of rate constants are shown in Table VII.8 for
the reactions studied in this chapter, using the experimental flame
conditions of M=CO, 2.67 kPa, and 400-1900 K.

The method’s success with applications in this chapter illu-
strate how it can be used to correlate data and to help the research-
er understand what chemical mechanisms may be involved. By applying
this technique, we can make reasonable estimates of rate constants of

reactions for which we have few or no measurements.
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Table VII.8. Rate constants (cm®mol-ls-1) for reactions of aliphatic
species, CO, and CO, calculated by QRRK methods for 400-1900 K, M=CO,

and 2.67 kPa (20 torr).

Max. log;o

Reaction Predicted rate constant devn k(1500)
H+C H, ~ C.H; 3.89:1021 T-3-86exp(+0.20/RT) 9% 10.00
CH+3CH, ~ C.H, 3.09-1014T-1-98exp(-0.62/RT) 1.5% 8.11
- H+C-H, 2.50-1012T-3.68exp(—4.19/RT) 15% 13.11

~ 2H+CH 5.49:1022T-2-41exp(-11.52/RT) 4% 13.41

H+C,Hs ~ CoH, 5.62-:1029T-5- 54 exp(—4.35/RT) 9% 11.54
-~ C HotH, 3.70-1012T-0-55exp(+0.04/RT) 3% 13.69
Ho+CoH, = CoH, 2.86-102975- 24 exp(—52.6/RT) 21%x 5.18
- C.Hy+H 4.02-1015T-°-56exp(—65.8/RT) 3% 4.26
SCH,+3CH, - C.H, 1.11-1020T-3.43exp(—-2.07/RT) 5% 8.86
- CH+H, 4.02-1014T7-°0.47exp(~-0.48/RT) 1.5% 13.06

- CoH,+H 7.12-1021T-3.90exp(-2.46/RT) 5% 9.11

- C.H,+2H 4.97-1012T+0.29exp(+0.15/RT) 0.5% 13.30

H+C H, - C.Hg 1.99:10417-8.76exp(~11.70/RT) 15% 11.78
SCH,+CH, — C.H4 2.53-1020T-3. 4% exp(~2.03/RT) 4% 9.02
- CH+HH 4.2-1013 2% 13.62

ICH,+CHy —~ C.H, 1.11-1028T-3.20exp(~1.78/RT) 4% 8.63
- CH+H 4.94-1013T-0-076exp(—0.094/RT) 1X 13.60

-~ 3CH,+CH, 6.82-10-8T+5.71exp(+4.20/RT) 7% 11.60

0+CO -~ CO, 1.31:1021T-3.85exp(—4.95/RT) 3% 8.18
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CHAPTER VIII. MECHANISMS OF BENZENE FORMATION FROM SMALLER
HYDROCARBONS

VIII.1l. Introduction
Benzene can be formed from smaller, nonaromatic hydrocarbons in

flames and in cracking processes, but the mechanism for its formation
has remained elusive. This question is significant for combustion
because polycyclic aromatic hydrocarbons and soot, both undesirable
pollutants, probably grow from single aromatic rings. In contrast,
ethylene production can make benzene and other aromatics as valuable
by-products, particularly from C; and heavier feedstocks.

The present study provides the means and opportunity for testing
chemical mechanisms of benzene formation. Measured mole fractions
and temperatures from the C,H, flame are combined with estimated rate
constants, giving rates of benzene formation. These predictions are
then compared to formation rates deduced from the data, an approach
that has been used previously (Cole et al., 1984). However, when
fall-off effects on the addition reactions are properly taken into
account using bimolecular QRRK, all previous mechanisms fail because
the initial, thermalized adduct is formed too slowly.

The results are explained instead by chemically activated
reactions that form the aromatic ring directly. The species 1-CHs,
1-C,H,, and C,H,, which have been proposed before (Cole et al., 1984:
Frenklach et al., 1985), react fast enough to account for benzene
formation, but the reactions proceed through excited intermediates
rather than through a sequence of thermalized intermediates. This is
a fundamental change in our understanding of benzene formation
because thermalized species can be attacked and destroyed by bimole-
cular reactions, while the chemically activated species forms the
aromatic ring too fast for bimolecular collisions to take place.

The chemically activated reactions are initiated by additions of
1-C,Hs and 1-C,H; to C,H,. Rather than forming linear, aliphatic
adducts -CgH, and i—CgHs in their ground vibrational states, the
aliphatic adducts are excited species %-CgH,* and $-CgHs* that

rapidly isomerize to excited ring compounds c-CgH,* and c-CgHs*.
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These intermediates undergo chemically activated decomposition or
collision stabilization to benzene and phenyl, respectively.

Rate constants for phenyl pyrolysis are predicted as an out-
growth of the 1-C,H; + C,H, case. The same species and potential
surface are appropriate as for phenyl formation. Rate constants and
products for this thermal decomposition are controversial, but
unimolecular QRRK analysis shows that four product channels are
involved. Predicted rate constants agree well with the literature.

The mechanisms that have proposed previously will be reviewed
briefly, followed by a screening test using high-pressure-limit rate
constants. Rate constants for the product channels of the remaining
possibilities are then calculated by bimolecular QRRK and discussed.
Completing the analysis of benzene formation, these pathways are
tested against the flame data. Finally, rate constants for phenyl

pyrolysis will be presented and discussed.

VIII.2. Literature mechanisms

Many mechanisms have been proposed, but few have been tested
qunatitatively. Some of these proposed routes (Table VIII.1l) suggest
reaction paths from the two initial reactants, but only Cole et al.
(1984), Frenklach et al. (1985), and Colket (1985a, 1985b) have
proposed detailed mechanisms and showed gquantitative tests. The
issue of chemical activation has not been addressed in any of the

literature mechanisms.
Qverview; Types of reactions involved. — To form an aromatic

ring from smaller aliphatic species, there must be molecular-weight
growth, cyclization, and aromatization reactions. It is useful to
examine the mechanisms that have been proposed in the literature by
examining the types of reactions that are involved in order to decide
how to test them and also to consider alternatives.

Literature mechanisms are shown in Table VIII.]l and are categor-
ized by the three types of growth reactions that have been suggested:
radical addition, radical combination, and Diels—Alder reaction.

(1) Radical addition to & bonds has been proposed for various
vinylic radicals, for example C,H, (Kinney and Crowley, 1954;
Weissman and Benson, 1984; Colket, 1985a, 1985b); l-buten-3-ynyl or
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Table VIII.1l. Literature mechanisms for forming aromatics. Single
carbon—-carbon bonds illustrated by —, double bonds by =, triple
bonds by = H implied in structures and reactions but not shown.

Mechanism

Reference

Radical addition:

CHo*+ L7 - <-J~§_//~<\‘_//:+CH3~
- O-O-©

='+:.‘—..-//" CeH~ (W) -~ cCelHy ~ @

_ Y AY/AY -csn.,-@

VMoo
=/ 20 ©
-=-C.-0 -©

7 = AN - NS and as above

Radical recombination:

- and as above

/e ANV AN
-0-©

Diels—Alder addition of butadiene

/= O
ve=-0-0-8

vy O
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Weissman and Benson,
1885

Colket, 1985

Kinney and Crowley,
1954;
Weissman and Benson,

1984

Stehling et al., 1956;
Frenklach et al., 1985

Cole et al., 1984

Kinney and Crowley,
1954

Bockhorn et al., 1983

Kinney and Crowley,
1954; similarly, Sakai
et al., 1976

Glassmwan, 1976
Hague and Wheeler,

1929; Wheeler and
Wood, 1930

Badger, 1951



1-C,H. (Stehling et al., 1956; Frenklach et al., 1985); and 1,3-buta-
dienyl or 1-C,Hs (Cole et al, 1984; Weissman and Benson, 1984).
Weissman and Benson have also suggested CH; reaction in a sequence of
additions, abstractions and combinations. Addition of a vinylic
radical to acetylene is especially advantageous for several reasons.
For one, the radical site is an end carbon, permitting subsequent
cyclization by internal radical addition. Also, the adduct radical
would have conjugated =« bonds, adding to its thermal stability.

Last, the vinylic carbon and the two acetylenic carbons carry one H
each, as do aromatic carbons, so they would not need to add or lose
hydrogen.

Radical combination in the high-pressure limit forms a molecular
adduct. This adduct would not have the stability associated with
con.jugated m bonds unless each radical site had been a doubly or
triply bonded carbon. For example, allyl recombination (Kinney and
Crowley, 1954; Sakai et al., 1976) forms l,5-hexadiene with two
internal carbons that are saturated, while a reaction like C,H; +
1-C,Hs would form 1,3,5-hexatriene.

Diels-Alder addition is both a growth and a cyclization reac-
tion. Historically, it was the first mechanism described for forming
cyclic hydrocarbons. In forming aromatics, a 1,3-butadiene structure
would add across a double bond (Hague and Wheeler, 1929; Wheeler and
Wood, 1930; Badger, 1951) or a triple bond (Glassman, 1976) to form a
cyclohexene or a 1,4-cyclohexadiene structure, respectively. These
are concerted reactions, proceeding via six-electron pericyclic
pathways.

Cyclization reactions then include Diels—Alder addition and two
types of isomerization, radical self-addition (e.g., ®&—=—=- - phenyl)
and molecular cyclization. To be viable, a molecular cyclization
must involve a pericyclic pathway, for example the isomerization of
1,3,5-hexatriene to 1,3-cyclohexadiene (Benson and 0’Neal, 1970).

Aromatization generally requires dehydrogenation of the cyclic
intermediate or redistribution of hydrogen. [An exception is the
radical self-addition noted in the previous paragraph, which forms
phenyl in the cyclization step.] Possible mechanisms for hydrogen

removal are unimolecular elimination of H from cyclic radicals,
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unimolecular elimination of H,, notably from 1,4-cyclohexadiene, and
bimolecular abstraction of H, which would produce a radical that
could eliminate H unimolecularly. Redistribution could result from
internal H-shifts. Alternatively, abstraction of an allylic hydrogen
could be followed by H-acquisition at a different site in the
resonance structure, effectively shifting the location of the n bond.

Having too much hydrogen or having hydrogen in the wrong place
will slow the formation of aromatics through a given pathway. For
example, addition of C,H or addition to the end of a substituted
acetylene [such as the 1- position of 3-butenyne (vinylacetylene)]
would create a hydrogen—deficient position. Similarly, addition of
CH; or allyl to a n bond would leave a saturated carbon, from which H
would have to be removed.

Quantitative tests. — Only three studies have compared quanti-

tative predictions of mechanisms with data.

Cole, Bittner, Howard, and Longwell (1984) described full
details of a mechanism and a quantitative, apparently successful test
against data. Mole fractions of stable and free-radical species were
measured in a 1,3-butadiene (C,H¢) flame using molecular-beam mass
spectrometry. Pressure was 2.67 kPa (20 torr), and temperatures in
the region of benzene formation were 500 to 1500 K. For various
pathways to benzene, rate constants were estimated by correlation or
transition-state theory, and rates were predicted using these rate
constants, mole fractions, and pseudo-steady-state assumptions. When
predicted and measured rates of benzene formation were compared, the
only satisfactory pathway had addition of 1,3-butadienyl (1-C4Hs) to
acetylene (C,H,) as its rate-limiting step. The rate constant
estimated for this step was 10!!-2exp(-3.7/RT) cm3mol-!s-!, which
would be a high-pressure-limit value.

Frenklach, Clary, Gardiner and Stein (1985) presented an
alternative mechanism, also apparently successful. For their shock-
tube pyrolyses of acetylene [1700-2300 K, 500-700 kPa (5-7 atm)],
they concluded that addition of 1-C(H; to C,H, was the major pathway
in forming the first aromatic ring. This pathway was inferred from a
600-reaction, 180-species model, comparing several pathways within

the model using ultimate production of soot (measured by light
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absorption) as an experimental test. Predicted yield of soot was low
by a factor of four, but the temperature dependence of the prediction
was very good. Compared to other pathways in the analysis, the
1-C,H; route was faster by orders of magnitude, assuming a rate
constant of 1013 cm®mol-ls-! for the addition to form 2-CgHs.
Finally, Colket measured concentrations of stable species from
pyrolysis of C,H, and vinylacetylene in a single~pulse shock tube.
In the first study (Colket, 1985a), he assumed that 1-C Hs + C,H»
addition was the rate-limiting step in forming benzene, as Cole et
al. (1984) had found, and that the rate constant for 1-C,Hs + C,H, -
$-CcH, was 1012-€exp(-9/RT) cm®mol-1s-2. Predictions for 1100-1500 K
were low by a factor of four but followed the experimental trends.
In the second study (Colket, 1985b), C,H; + vinylacetylene was
proposed to lead to benzene (Table VIII.l). A barrierless rate
constant of 1011-3 cm®mol-1s~! was required for the overall reaction

Co,H; + C.H, = H + benzene in order to fit the data for 1200-1800 K.

VIII.3. Preliminary screening

To screen the above mechanisms before making more detailed
calculations, rates for the addition steps are calculated from high-
pressure-limit rate constants k., and the measured concentrations of
possible reactants. Note that neither a thermal reaction sequence
nor a chemically activated pathway can be faster than the rate
predicted in this way.

If the ratio of this predicted rate to the measured rate of
benzene formation is much less than unity, then this step, and thus
the mechanism, is too slow to lead to benzene in this flame. The
ratio can be greater than unity because benzene destruction is also
occurring, particularly beyond 0.35 cm.

Uncertainties other than kinetics. — The uncertainties in the

prediction and the measurement determine how near unity their ratio
must be. There are four areas of uncertainty in the measurements
which must be recognized: the temperature uncertainty, calibration
uncertainties, the identification of mass 78 as benzene, and the

identities of reactants which may have isomers.
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Temperature measurements and uncertainty were discussed in Ch.
I11.4. For the present problem, temperature affects the predicted
rate explicitly through the rate constant, but it affects the
measured net rate implicitly, mainly through the diffusion term.
Thus, temperature uncertainties will affect the two rates
differently. Also, the temperature profile and the mole-fraction
profiles are aligned by shifting the mole-fraction profiles toward
the burner by two orifice diameters or 1.10 mm, an approximate
correction that is most subject to error near the burner.

Calibration uncertainties were discussed in Ch. IV. For
acetylene, this uncertainty is 3%, and for minor stable species and
free radicals, it is estimated to be 50%. The benzene formation rate
is proportionately affected by this uncertainty.

It is reasonable to question whether the 78-amu species detected
in the flame is in fact benzene. A usual test, measurement of the
ionization potential, is not conclusive (Ch. IV). The ionization
potential measured for mass 78 at 4.0 mm (distance from burner) was
9.320.5 eV. In comparison, the ionization potential is 9.25 eV for
benzene, 9.50 for 3,5-hexadienyne, and 10.5 for 1,5-hexadien-3-yne
(Rosenstock et al., 1977). Other isomers containing CH; groups have
ionization potentials varying from 9.20 to 10.35, and it is 8.36 eV
for 5-methylenecyclopentadiene.

Analysis of a microprobe sample by GC/MS (Sec. IV.4) identified
benzene as the principal species measured by molecular-beam mass
spectrometry at mass 78. Four species were detected at this mass,
benzene and three aliphatic CgHg species. From gas chromatcgraphy,
the benzene represented 72% of the mass at 0.45 cm.

There is similar uncertainty about the isomeric identity of
certain reactants and thermalized interﬁediates. Here, GC/MS is of
little help because (1) radicals are destroyed in the microprobe
sampling, (2) species lighter than CcH, were too volatile to be
retained in the sample, and (3) no C¢ species heavier than 78 amu
(i.e., CgHas, CgH;0, CeH;i2) were detected with sensitivity for Cg’s at
1l ppm or less. Ionization potentials are too close to be helpful in

distinguishing among these isomers.
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These limitations do not preclude using the screening for
examining feasibility. For example, the rate calculated for 1-C,H, +
C.H, may overpredict the rate of benzene formation if mass 51 is a
mixture of C,H; isomers or if the thermalized intermediates undergo
other reactions not leading to benzene. However, if the true rate by
a pathway was lower than predicted and the rate was already much
slower than the net rate of benzene formation, then the mechanism
would be even less plausible.

In summary, the uncertainties discussed here imply that if the
predicted rate is within an order of magnitude of the measured rate,
it could be important as a path to benzene in this flame.

Screening using Kk,. — Only the additions of 1-C,H; and 1-C Hg
to C,H, prove to be fast enough in the high-pressure limit. The
possible reactants from Table VIII.l that have been proposed to lead
to benzene are tested in Table VIII.2 using the ratio of the predict-
ed rate to the measured net rate. The maximum and minimum values of
the ratio are listed for the range 0.11 to 0.39 cm, as is the value

at 0.30 cm, where the benzene formation rate is greatest. Sources of

ko values are also included.

The reaction 1-C,Hs + C,H, is always faster than 1.9 times the
measured rate, and the minimum ratio for 1-C,H; + C,H, is 0.95. The
largest ratio for the other reactions is 0.37 for C.Hs combination at
0.12 cm, where the rate of benzene formation is low. However, at the
peak measured rate of formation, the ratio for this reaction is only
0.07.

With one exception, all the reactions that proved unfeasible
involve pairings of minor species. This is in pointed contrast to
the feasible reactions above, which involve C,H, and a minor C,
species. The exception is Diels—-Alder addition of C,Hg to C.H»,
which has a high activation energy and, even at these temperatures, a
low rate constant. Thus it is a combination of the low concentration
product and/or the rate constant that prevents these other paths from
being important in this flame. ‘

Three additional radical-combination reactions that were tested
were C,H; + 1-C(Hs, C,H; + 1-C,Hs, and C,H; + C3Ha. Using
ko=8.5:1012 as for CiHs, the two C,H,; reactions were too slow with
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Table VIII.2. Testing literature mechanisms for benzene formation
using ky,, for the initial addition/combination step.

Ratio of predicted
to measured rate of
benzene formation
ke in mol, cm3, s, At 0.3
Addition reaction cal units Ref. Max Min cm

CHs + CiHe = /WA 8.1:1000exp(-4.1/RT) a 0.12 0.004 0.006

CoHs + CHa = ¢ ) 3-1011exp(-3/RT) b 0.013 0.051 0.011
CoHs + C.He ~ O 31012 exp(-3/RT) b 0.029 8E-4 9E-4
1-CH, + CH, ~ = /) 280T-%exp(-1.4/RD) ¢ 12. 1.9 1.9

1-C,Hs + CoHp —~ 280T2-Sexp(-1.4/RT) ¢ 13. 0.95 1.0
1-C,Hs + CoH, - 3-10'1exp(-3/RT) b 0.1 0.004 0.005 -
CoHly + CoHs = 8.5-1012 d 0.4 0.05 0.07
C Hg + CoHp - 2.3-10'2exp(-35/RT) e 3E-4 2E-5 2E-4
C.He + CoH, - 2.3-10%%exp(-27/RT) f 4E-7 1E-7 3E-T

C.He¢ + C(iHg - 5:101%exp(~27/RT) g 2E-8 6E-9 1E-8

Q,o0cyg!

a Evaluation of Kerr and Parsonage (1972).

b Estimate of Weissman and Benson (1884) for C,H, + C,Hg; compare to
estimate of 2.4-101lexp(~4/RT) by Cole (1982).

¢ Estimate of Cole et al. (1984) of k(400 K)=101-2exp(-3.7/RT),
written for 300-2000 K using <aCv#>=3.75 cal/mol ‘K from Benson and
Weissman (1984).

d Measurement by Van den Bergh and Callear at 298 K (1970); Throssell
(1972) estimated 4-106*2 cm®mol-ls-!; Golden et al. (1969) measured
7.4:1012 at 913 K and 5.0:1022 at 1063 K, recognizing that some
fall-off was a possibility.

e Estimate of Cole et al. (1984).

f Uchiyama et al. (1964).

€ Tsang (1965).
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ratios at 0.30 cm of 0.04 and 0.02, respectively. The third reaction
was more promising, with a high-pressure-limit prediction that was
more than an order of magnitude higher than the measured rate of
benzene production. However, hydrogen redistribution in the products
is a serious problem. C,H; has two resonance structures, 2-propynyl
(‘CH,—C=CH) and propadienyl (-CH=C=CH,), so the products of simple
combination are HC=C-CH,-CH,—C=CH, HC=C-CH,-CH=C=CH,, and
CH,=C=CHCH=C=CH, in the proportions 1:2:1. Ring closure via triplet
(biradical) states is conceivable, but two 1,2-H-shifts would be
necessary to lead to benzene. This problem was considered to be a

sufficient liability that the reactants were not considered further.

VI1I.4. Detailed calculation of rate constants and rates

Bimolecular QRRK rate constants were calculated for 1-C Hs and
1-C,H; based on the results of preliminary screening. Simple
addition had a rate constant much less than the high-pressure limit,
but chemically activated isomerization was predicted to proceed fast
enough to account for the rate of benzene formation.

Implications of relaxing the high-pressure-limit assumption. -

The assumption that an addition or combination reaction is in a
high-pressure limit generally should be checked. There are rules of
thumb that molecules with more than eight atoms are typically in the
high-pressure limit (Benson, 1976), but such generalizations break
down as temperature increases above room temperature.

When the adduct is freshly formed, its excess energy relative to
the thermalized, ground state must be dissipated by energy-removing
collisions if the adduct is to be stabilized. 1In the simplest case,
if stabilization is too slow, the energized adduct will decompose to
the reactants, making the effective rate of addition/stabilization
slower than the high-pressure limit.

Significantly for benzene formation, the energized adduct also
may decompose or isomerize unimolecularly to new products. Such
pathways are described as chemically activated because they are
driven by the excess chemical energy released in the addition. The
energy distribution in the energized adduct is higher than that of

the thermalized adduct, so the unimolecular reaction rate of the
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energized adduct proceeds at a faster rate than the unimolecular rate
of the ground state. Chemical activation has been studied experi-
mentally and analyzed successfully by applying unimolecular reaction—
rate theory (see Chapters VI and VII and references within).

The bimolecular rate constant measured for each set of products
is a weighted average of the rate constants for available energy
states, just as for the measured unimolecular rate constant. For
modeling chemistry in complex mixtures, it is convenient to determine
the apparent bimolecular rate constants for simple addition and
chemically activated reactions as functions of temperature for a
given pressure and third-body gas.

Bimolecular QRRK analysis (Ch. VI) is used here to estimate the
pressure—dependent rate constants. Although RRKM or other more
precise methods could be used, bimolecular QRRK has been shown to
predict well the pressure— and temperature-dependence of many
combustion and pyrolysis reactions (Ch. VII). The present application
also demonstrates that relatively few parameters and a simple
computation scheme are needed to evaluate these complex reaction
sequences.

Input parameters for calculation of rate constants. - Rate
constants were calculated at 2.67 kPa (20 torr) and at 101 kPa (1
atm) for the product channels of 1-C,H; + C,H, and 1-C,Hs + C,H,.

Kinetic input parameters and how they were determined are shown
in Tables VIII.3 and VIII.4 for the two reactions.

The other inputs that are needed are collisional properties of

the adduct, the isomer, and the third-body gas. The reascnable
assumption was made that for all Cg; adduct and isomer species, the
Lennard-Jones parameters for benzene could be used, 0=5.349 & and
€/k=412.3 K (Reid et al., 1977). Ar was the third-body gas M in
these calculations, but using CO did not change the result. For Ar
as the collision partner, —<AEco11> was chosen to be 740 cal/mol
(Appendix M), 0=3.33 &, and €/k=136.5 K (Kee et al., 1983).
Formation of benzene from 1-CsHs + C2Hz. - Radical addition of

1-C,Hs to C,H, forms little of the thermalized adduct, but rather it

forms H + benzene by isomerization and decomposition of the

chemically activated adduct. An energy diagram for this reaction
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Table VIII.3.

Parareters needed for bimolecular QRRK calculations

for 1-C,Hs + C,H, reactions via the chemically activated
intermediates A-C¢H,* and c-CgH.* (mol, cm, s, kcal units).

Parameter description

Parameter value

Source

- Kinetic parameters -

1"04“5 + cZHz - !‘Csn']

(+=—e—s)

+Cel, ~ 1-CHs; + CoH,

Q“Csﬂg + H -~ l“C‘H?
(vs)  (-z—ee)

$+CglHy ~ +Celg + H

!‘Csﬂq - C‘CsH-]

C-CQH-’ - l‘CQH-]

H + Benzene - c—CgH~»

c—CgHy = H + Benzene

keo(300-1500 K)=

2.8-102T2- °exp(-1.4/RT)

cmrmol-1g-1
=7.2:10!2exp(~-10.0/RT)
at 1500 K

A~3.6-101¢ g-1
Ex~46.1 kcal/mol

A1.6:10'2 cmPmol-1g-?

E.~1.0 kcal/mol
A4 -1012 g-1
E.~=36.7 kcal/mol

As71.7-1011 g-1 (1500K)

E.~7 kcal/mol

Acs1.0:1028 g-1
Ew53.2 kcal/molb
Ao74-1013 cmdmol-1s-2
E.~4.3 kcal/mol

Ao=2 1013 g-1 (550 K)
Ex~26.0 kcal/mol

~-Properties of 1-CgH, and c-CgH, -

Number of vibrational

degrees of freedom (s):

Geometric-mean
frequencies <{»>:

+Cel,
C-CQB-'

Molecular weight

Lennard-Jones well depth

€/k and diameter o

33

1050 cm—?

1070 cm?

79.11 g/g-mol
412.3 K, 5.349 A

a Based on Kerr and Moss (1981).
b Using AH? ,25=50.0 kcal/mol (Tsang, 1986).
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k(400 K)=1011.2
exp(—-3.5/RT) by
Cole et al.(1984)

and <aCv #=3.75
cal/mol ‘K from
Benson and
Weissman (1984)

Microscopic
reversibility

A/4 for H + ==

Ex for H + n—=

Microscopic
reversibility

Estimate by thermo-
chemical kinetics
(Appendix 0)

Estimate as Eact
for radical
addition®

Microscopic
reversibility

Nicovich and
Ravishankara
(1984)

Tsang (1986)

3:(13 atoms)-€

From estimated
frequencies
From estimated
frequencies

Same as benzene
(Reid et al.,1977)



Table VIII.4. Parameters needed for bimolecular QRRK calculations
for 1-C,H; + C,H, reactions via the chemically activated
intermediates 8-C¢Hs* and c—-CgHs* (mol, cm, s, kcal units).

Parameter description Parameter value Source
- Kinetic parameters -
1-C4,Hs + CoH, = 8-CeHs kool 300-1500 K)= Estimate for
(=—=—=) 2.8:102T2-%exp(-1.4/RT) 1-C,Hs + C,H,
cmimol-1s-1 - CeH~
=7.2-1022exp(—-10.0/RT)
at 1500 K
$—-CeHg = 1-C,H; + CoH,  A=5.5:1014 g1 Microscopic
Eo.=45.8 kcal/mol reversibility
at 1500 K
i-CegHy + H - 2-CgHs A=3.2:1022 cm®mol-1s~1 0.5:A, for H + ==
(2—=—=) (-=—=—=) Ex~1.0 kcal/mol Eo for H + =—=
8-CgHs ~ —CgH, + H A,~8-:1012 g-1 Microscopic
E.~36.7 kcal/mol reversibility
$-C¢Hs —~ Phenyl Au=4-1010 s-1 (1500 K) Estimate, thermo-
chemical kinetics
E.~7 kcal/mol Estimate as Fact
for radical
addition
Phenyl - #-CgHg Aos1.2-1014 g1 Microscopic
E.=70.9 kcal/mol reversibility
H+Benzyne - Phenyl Ao76.5-1012 cmPmol-1s-! Estimate from k
Es=2.0 kcal/mol of H+ —=& - —¢
Phenyl - H+Benzyne Aurd4.3:10138 g1 Microscopic
E.~87.5 kcal/mol reversibility

-Properties of %-C¢Hs and phenyl -

Number of vibrational

degrees of freedom (s): 27 3:(11 atoms)-6
Geometric—-mean

frequencies <v>:

$—CgHg 990 cm? From estimated
frequencies
Phenyl 1180 cm-! From Burcat (1984)
Molecular weight 77.11 g/g-mol -
Lennard-Jones well depth
e¢/K and diameter o 412.3 K, 5.349 A Same as benzene

(Reid et al.,1977)
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Fig. VIII.l1. Energy diagram for addition of 1-C,Hs + C.H,
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(Fig. VIII.1) shows the amount of excess energy to be the driving
force. Addition forms excited #-C¢H.,*, which goes preferably to
c—CgH+* because of the excess of energy in 8-CgH.* relative to the
low barrier to conversion and the difficulty of colilisional
stabilization. Likewise, the preferred fate of c-Cg¢H,* is p-scission
to eliminate H and form benzene rather than re-isomerization or
collisional stabilization.

Calculation of the rate constants for each channel (Fig. VIII.2
for 2.67 kPa and Fig. VIII.3 for 101 kPa) shows not only that H +
CeHe dominates at all temperatures, but also that its rate constant
is generally quite near k., for addition. Thus, although Cole et al .
(1982) and Colket (1985a) used k., values for addition that were
somewhat different from the k., expression derived here, their
decisions to use that reaction as the rate~-limiting step would give
them approximately the right rate constant. Despite the fact that
the high—-pressure-limit thermal mechanism that thev used was
incorrect, their tests then would give "correct" predictions.

At 2.67 kPa (20 torr; Fig. VIII.2), k for the channel H + CgHg
slightly diverges from k,,a/d4 only at about 1400 K. The reason for
this dropoff is not diversion into other product channels but the
growing importance of the decomposition back to reactants, $-CgH,* -
1-C,Hs + C,H,. Decomposition of 2-CgH-* to H + &CgHg is the other
important product channel, but it is an order of magnitude slower
than H + benzene even at 2000 K. Both stabilization channels (to &
CeH7 and c-C¢H,) are two or more orders slower at all temperatures
than formation of H + benzene.

At 101 kPa (1 atm; Fig. VIII.3), the rate constants for the
chemically activated decomposition channels H + benzene and H +
2-C¢Hg are changed very little from their values at 2.67 kPa. The
stabilization channels are more important because of the higher
pressure, but they are still slower than H + benzene at all
temperatures examined.

Formation of phenyl from 1-CqHa + CzHz. - Chemically activated
$-CcHs* is formed by addition of 1-C(H; and C,H, and, just as for
¢-CcH,*, it isomerizes rapidly to a chemically activated cyclic
structure. Unlike c-CgH,*, though, c-C¢Hs* (phenyl*) has a high exit
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(k, cm3/mol-s)

log10
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T T T 7 T T
> Products of 1-C4H5 + C2H2
\ M=Ar, P=2.67 kPa (20 torr)
11 Ke
\ H + Benzene
10+
\
9 = \/H + L-CE6HB
\
L-CBH7
= .
B \ e _//c-CSH?
7 1/ LN~ i !
0 1 2 3
1000/ (Temperature, K)
Fig. VIII.2. Predictions at 2.67 kPa (20 torr) of bimolecular

rate constants for product channels of 1-C ,Hs + C,H,.
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Fig. VIII.3. Predictions at 101 kPa (1 atm) of bimolecular rate
constants for product channels of 1-C Hs + C,H>.
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barrier for decomposition because benzvne (c-C¢H,) is a highly
strained, high-energy species. Thus, collisional stabilization of
the cyclic intermediate to phenyl is feasible.

Calculations at 2.67 kPa (Fig. VIII.4) and 101 kPa (Fig. VIII.5)
confirm the importance of the phenyl channel, but they also show that
this isomerization/stabilization channel is affected more by pressure
and alternative channels than was 1-C,Hs + C,H, - H + benzene. At
both pressures, the rate constant to phenyl has a maximum that is
caused by collisional stabilization becoming more difficult as
temperature increases; i.e., as [M]=P/RT decreases. High
temperatures also extend the energy distribution of excited &CgHs*
and c-CgHs* states to higher energy levels, where chemically
activated decomposition is more likely.

Thus at 2.67 kPa (20 torr; Fig. VIII.4), phenyl is still the
dominant product to 1500 K, but the rate constant has a maximum at
1150 K. Above 1500 K, chemically activated decomposition to H +
i-C¢H4; predominates, and above 2100 K, H + benzyne also becomes
faster than phenyl formation. The rate constant for the high-pres-—
sure adduct $8CgzHs is about 5% of k., and the rate constant for phenyl
formation through much of the temperature range.

Formation of #-CgHs is more important at 101 kPa (1 atm:

Fig. VIII.5) than at 2.67 kPa. However, the phenyl rate constant
both remains near Kke,,adda and predominates over the other channels for
a greater range of temperatures. The 1~-CgHs; is slightly favored
below 370 K, and H + 2~CgH, dominates above 2000 K. Benzyne forma-
tion is unimportant at all temperature. All of these differences at
the higher pressure reflect greater collisional stabilization.

Test of predicted rates against measurements. — With rate

constants that correctly allow for pressure and chemically activated
channels, rates for the different channels can be predicted and
compared to the measured net rates of benzene formation. The rate of
benzene formation is predicted directly for 1-C,Hs + C,H,. For
1-C,H; + C,H, - phenyl, applying this test assumes that benzene
formation via phenyl can be no faster than the rate of phenyl

formation.
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Fig. VIII.4. Predictions at 2.67 kPa (20 torr) of bimolecular
rate constants for product channels of 1-C H; + C_H,.
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Fig. VIII.5. Predictions at 101 kPa (1 atm) of bimolecular rate

constants for product channels of 1-C,H, + C,H,.

291




The results are shown in Fig. VIII.6. The 1-C Hs route is
always near to or faster than the measured net rate, while the 1-C,H;
route is somewhat slower. Nevertheless, both channels are within the
uncertainty of the measurements and of the predicted rate constants.
It seems likely, then, that (1) both channels contribute to benzene
formation and (2) the predicted rate constants are well-suited for
use in a flame mechanism to predict benzene formation from an entire
network of reactions.

Even the shape of the predicted curve would seem to match that
of the measured rate except for an apparent shift toward the burner.
This is entirely possible, as the alignment of the temperature

profile affects the two rates differently (discussed in Ch. VIII.3).

VIII.5. Re-interpretation of literature tests

The test of Cole et al. (1984) is still valid in light of these

rate constants, even though their mechanism via thermal, collisional-
ly stabilized intermediates is mistaken. The present study shows
that direct, chemically activated formation of benzene from 1-C ,Hs +
C,H, would proceed at approximately k., for simple addition. Cole et
al. assumed a thermal mechanism but inferred that in their mechanism,
the addition 1-C,Hs + C,H, —» #-CgH, would be the rate-limiting step.
Except for the slightly different ko, estimated here, their test
results would be unchanged.

Frenklach et al. (1985) identified cyclization of #-CcHs to
phenyl as the fastest route to single-ring aromatics by three orders
of magnitude. However, the rate constant for producing 2-CgHs from
1-C,H, + C,H, was 103 cm®mol-1s-1, three orders of magnitude too
high for #-C¢Hs by the present calculations and two orders of
magnitude higher than the rate constant predicted here for direct
phenyl production. Their sensitivity analysis varied rate constants
by a factor of five, much less than the difference indicated here, so
the effects of the present rate constants on relative pathways from
their mechanism is unclear. Also, their quantitative test was more
indirect, predicting total soot yield that was a factor of 20 lower

than they measured.
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Fig. VIII.6. Comparison of the predicted rates for 1-C,Hs + C,H,

~ H + benzene and for 1-C4H; + C,H, — phenyl to the net rate of
benzene formation measured at 2.67 kPa in a #=2.40 C,H,/0,/5% Ar
flame, temperatures increasing from 900 to 1600 K in this

region.
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These authors found that their predicted rate of cyclization for
i-C¢H7 - c—CgH, was five orders of magnitude slower than the predict-
ed rate for 8-CgHs — phenyl. Note that the present analysis, taking
fall-off and chemical activation into account, indicates that neither
thermal cyclization is likely to be important. For the same reasons,
susceptibility of the thermal intermediates to bimolecular or
unimolecular destruction reactions would be unimportant.

Colket’s study of acetylene pyrolysis (1985a) was in Ar at
approximately 100 kPa. He used the same assumption as Cole et
al. that 1-C,Hs + C,H, was the rate-limiting step, so his success can
be explained by the same reasons as above. A significant difference
is that Colket tested an entire pyrolysis mechanism against his
profiles of stable species, while Cole et al. tested only the steps
from 1-C ,Hs to benzene.

Study of vinylacetylene pyrolysis in the same laboratory
(Colket, 1985b) suggested instead that C,H, + C,H, might lead to
benzene. While this reaction was unimportant in the present system,
one reason was the low mole fractions of both these species. In C,H,
pyrolysis, much more C, H, would be available, so this alternative
route might be more important. An unresolved problem in Colket’s
pathway is the isomerization of the adduct H,C=C-CH=C:--CH=CH, to

cyclohexadienyl.

V111.6. Rate constants for phenyl pyrolysis
The same input data for bimolecular QRRK calculation of phenyl

formation (Table VIII.4) can be used for unimolecular QRRK calcula-
tion of phenyl pyrolysis. Good agreement is obtained with the
literature, and the products can be better understood.

Phenyl pyrolyzes as thermally activated phenyl (c-CgHs*)
undergoes unimolecular reactions. Breaking one bond would lead to
benzyne (by B-scission) or to #8-CgHs (ring rupture), but the latter
channel must actually produce $-C¢Hs*. This excited species can
re-isomerize to c—CgHs*, be collisionally stabilized as #-CgHs, or
undergo decomposition to H + #2-CgH; or to 1-C,H; + C,H,. To make

this clearer, compare this situation to the energy diagram of Fig.
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VIII.1 for 1-C,Hs+C,H,. The major difference is that phenyl -
benzyne+H has a much higher energy barrier than c-CgH, - benzene+H.

Rate constants for the four product channels are shown in
Fig. VIII.7 along with the sum of the rate constants, k(Overall).
Temperatures were 1250 to 2500 K and the pressure was chosen as 1 atm
Ar for comparison to shock~tube data below. Two Arrhenius segments
of different slope are predicted for k(Overall). One segment below
1600 K corresponds to the dominance of the channel that forms
thermalized &-CgHs, while above 1900 K, the segment largely results
from the C,H; + C,H, channel. Formation of H + #CeH, is an order of
magnitude slower than the latter channel, and benzyne formation is
less than 2% of k(overall).

These predictions are compared to literature rate constants in
Fig. VIII.8. All the literature rate constants come from testing
assumed models against shock-tube data, and all but Colket (1986)
assume that C,H: + C,H, is produced directly. [Rao and Skinner (1984)
assumed that C,H.: decomposes rapidly to C,H, + H.] The agreement
with three of the sets of data - Rao and Skinner, Kiefer et
al. (1985), and Fujii and Asaba (1973) - is quite good and resolves
the differences among their apparent activation energies. Note that
Fujii and Asaba had assumed that the products were C H,+C,H,, but the
present analysis would predict $8-CgHs.

The difference from the rate constant of Colket (1986) comes
from the different treatment of #-CgHs. Colket assumed that 28-CgHs
would be formed as a thermalized intermediate, which could re-isomer-
ize to phenyl or decompose to C,H: + C,H,. Assuming that thermalized
i-CcHs was at a steady-state concentration, he estimated an effective
rate constant for C¢Hs - C,H; + C,H,. The present calculations allow
formation of thermalized C¢Hs only by collisional stabilization of #&-
CegHs* and recognize that 1-C,H. can be formed directly from #-

Ce¢Hs*. The present approach seems more physically realistic and is

more consistent with the other literature rate constants.
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VIII.7. Summary

Benzene formation was shown to be reasonably accounted for by
radical additions of 1-C, Hs and 1-C,H; to C,H,, but production of the
aromatic ring is direct rather than through thermal intermediates.
The cause is chemical activation of the initial adduct, which has not
been recognized before. Because no thermal intermediates are
involved, they cannot be desiroyed en route to benzene, which would
have reduced the vield of benzene. A C H; (propargyl) combination
seems to be another possibility based on screening with a ke, but it
appeared less likely because it would involve molecular 1,2-H shifts.

The same input parameters that are used to evaluate phenyl
production from 1-C,H; + C,H, were used to estimate rate constants
for phenyl pyrolysis. Product channels to #8-CgHs and to 1-C H, +
C.H, were predicted, giving good agreement with three of the litera-

ture rate constants and rationalizing their differences.
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CHAPTER IX. THE THREE TYPES OF COMBUSTION REACTIONS

The insights from testing literature mechanisms (Ch. V) and the
insights into reaction structures (Ch. VI and VII) make it possible
to propose improved mechanisms. Even more significantly, a pattern
among the reactions in such mechanisms becomes clear.

It is proposed here that there are only three types of reactions
among the homogeneous, gas—-phase reactions that occur in hydrocarbon
combustion:

(I) H-atom metathesis - a class of bimolecular reactions which

includes abstraction reactions and disproportionation and which

has inherently pressure-independent rate constants:

(II) Association reactions - addition- and recombination-

initiated bimolecular reactions which proceed through addition

complexes and thus have inherently pressure-dependent rate
constants at some pressure; these include additions with
stabilization, decomposition, or isomerization of the chemically
activated adduct; and

(I1I) Unimolecular reactions which are not the reverse of

association reactions - specifically thermal isomerizations like

phenyl - 8-CgHs; these rate constants are inherently pressure-
dependent.
Furthermore, any reaction that cannot fit into one of these classifi-
cations is unlikely to proceed — at least not in the way it has been
described.

Class 11 reactions have been particularly misunderstood. The
key to the present insight is to recognize that two-reactant, two-
(or more) product reactions can be association reactions because of
chemically activated decomposition. Likewise, a pressure-dependent
rate constant for bimolecular reaction does not necessarily imply a
simple addition to form an adduct, nor does pressure-independence
necessarily imply that an association reaction is in a high-pressure
limit for a simple addition product.

These points can be illustrated best by examining the reactions
in the mechanisms. The mechanism of Warnatz (1983), which is WZ in

Ch. V, predicted more profiles well than did the other three
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literature mechanisms. Its reactions, which were categorized by
Warnatz according to key species, are re-categorized as class I and
class 11 reactions in Table IX.1. This mechanism has no class III
reactions.

As a general comment, it should be noted again that the reversi-
bility of reactions should be included in a mechanism, as shown by
the improved predictions of a "fully reversible” Warnatz mechanism
WZ’ in Ch. V. The only elementary reactions identified in this work
as nonreversible are reactions that proceed via secondary decomposi-
tion, e.g., 3CH, + O(3P) - CH,0* - H + HCO*, HCO* - H + CO, which is
effectively 3CH, + O(3P) - CO + 2H. Here, 2H + CO cannot lead to
3CH», + O(3P) by a rate constant calculated from the forward reaction
and thermodynamics. The reason is that, while H + CO does form HCO*,
addition of H to that HCO* (which would have to have the proper
energy distribution) would be necessary to form CH,0* with sufficient
energy to make 3CH, + O(3P), a concerted addition of two H atoms that
is quite unlikely.

Also, radical-radical reactions that result in H-transfer can
proceed in principle either by direct abstraction (pressure-indepen-
dent) or by addition/decomposition (pressure—-dependent at some
pressures). The reaction H + C,H; - C,H, + H, is an example, as
discussed in Ch. VII.5. 1In reality, one route may dominate over the
other.

With these comments in mind, the reactions in Table IX.1 and
their classification can be understood.

Reactions of Hz/0z /H2O/HO>. — Branching of H+O, to HO, or O+OH

is a competition for HO,* that proceeds through a chemically activat-

ed addition complex, as was shown in Ch. VII.3 and elsewhere (Zell-
ner, 1984). Likewise, it is well-recognized that abstraction
transition states describe well the reactions of 0+H,, OH+H,, H+H,0,
and 0+H,0 (for example, see Zellner, 1984) and that the third-order
reactions of H+H and H+OH are simple combinations. Note that H+OH
reaction may proceed either by metathesis (; O+H,) or by addition
(~ HZ0).

Formation of OH+OH from H+HO, must proceed through H,0,*
(HO-OH* ), which can undergo simple bond fission to OH+OH. It is not
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Table IX.1. Types of reactions in the Warnatz mechanism (Warmatz, 1983).
Class I: H-transfer Class II: Association reactions
(Abstraction, Addition/ Addition/ Addition/
Disproportionation) stabilization Decomposition Isomerization

Hz/Oz/HzO/H()g:
H+0,+M - HO,+M H+0, = OH+0
O+H, = H+OH
H+OH+M - H,0+M
OH+H, = H,0+H
H+H+M - H,+M
0+H,0 = OH+OH
H+HO, - H,+0,3 H+HO, - OH+OH
0+H02 ind OH+Oza

OH+HO 2 = H 20‘1’07
C0/CO,:

CH,:
CH,+H = CH,+H,
CH,+0 = CH,+OH
CH,+OH = CH,+H,0

CH:.:

CH,:

CH:

HZCO:
H,CO+H - HCO+H,
H,CO0+0 - HCO+OH
H,CO+OH - HCO+H,0

HCO:

HCO+H - CO+H,®
HCO+0 - CO+OHe
HCO+OH - CO+H,0

[HCO+0,
CzHGZ

Csz“'H ind c:ﬂs“‘Hz

Czﬂs‘*o - C2H5+0H

CZHG"'OH - Csz""Hzo
CZﬂsi

-~ CO+HO,°]

{C2H5+02 - Cqu"'ROz]
CaHs:
CzH4+H ~C 2H 3+H2

C.H,+OH - C,H.+H0

CH,+H = CH,

CH.+CH, - C,He

H+CO+M «~ HCO+M

CzH4+H = CzHg
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CO+OH = CO,+H

CH 3+0 - H2C0+H
CH,+CH, = C,Hs+H
CH3+CH3 - Cqu"‘Hz

CH,+H
CH,+0

- CH+H 2
- CO+H+H

CH,+CH,—~ C Hs +H

- CO+H
-~ CO+CH

CH+0
CH+0,

HCO+0 - CO,+H

Cc 2}'15"’0q CH QCHO"’H

CHz"oZ - COz"‘H‘*’H

(o] 2H 4"’0 - HCO+CH a



Abstraction, Addition/ Addition/ Addition/
Disproportionation stabilization Decomposition Isomerization

CzHg:
C2H3+H - CzH2+H2

[C2H3+0, = CH,7HO®]

C2H2:
CoH+tH = CZH“HZ Csz*H = CzH3
C2H2+0 - HCCO+H Csz"'O nd CHz"‘Co
Csz+OH - CzH“'Hzo Csz*OH - CH2C0+H
CzH:
C,H+0 - CO+CH
C.H+0, - HCO+CO
CH,CHO:

CH,CHO+H —(CH;+CO)+H¢
CH;CHO+0 —(CH,+CO)+OH
CH ,CHO+OH-(CH,+CO)+H,0

CH,CO:
CH,+CO+M ~ CH,CO+M
CH,CO+H - CH,+CO
CH,CO+0 - HCO+HCO
CH,CO+0OH - H,CO+HCO
HCCO:
HCCO+H - CH,+CO
HCCO+0 —~ CO+CO+H
CiHn:
CH3+C2H2 - C3H4+H
C3H+OH - HCO+CoH,
C3H3+H nd C3H4
CH2+C2H2 - CaH3+H
CH+C,H, -~ C,H-
c:H:*o - CgHg“’CO
C4Hn:
C.H,+*H = C,H+H, CH-+H = C4H, CH,+H = CH+C,H,
[C4H3+H=CH,+CH 9]
CH>+OH - Products
[Warnatz suggests:
C‘Hz""'oH - X+H
X+OH - C,H,+2CO+H]
Can .

CegH,+H - Product Cell,tH = C,H+C (H,

{Apparently CgH,] CeH2+H = C H+C.H,
CeH>+0OH ~ Products
[Same rate as for
C4Hz"0H, so (?)
CGHz“'OH - X’+H;
X’+0H - C,H,+2C0+H)

2 Same reactants and products could come from abstraction or addition/decomposition.
b Reaction probably proceeds by addition, with different rate constant and possibly

with different products.
¢ Warnatz assumed CH,CO is produced and rapidly decomposes to CH,+CO.

d Reaction probably does not proceed as shown (see text).
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so clear whether the product channel H,+9, proceeds by abstraction or
by combination of H+0, and concerted elimination of H,. Just as for
H+OH, note that OH+OH has both metathesis (- 0+H,0) and addition (-
H+HO,) channels.

Similarly, O+HO, - OH+0O, has not been ideniified as to whether
it is abstraction or addition, but OH+HO, is surely abstraction
because concerted elimination of H,0 from HOOOH* is unlikely.

CO+0H = H+COz. - This reaction is the primary destruction path

for CO in hvdrocarbon flames, but its rate constant is quite pecul-
iar. At temperatures below 1000 K, the rate constant seems to be
temperature-independent, and at higher temperatures, it curves upward
into a positive Eact (Warnatz, 1984). Pressure—dependence has been
reported recently in the mid-range of temperatures (Zellner, 1984).

Not surprisingly, this behavior has been interpreted as chemi-
cally activated decomposition of HO-C=0* radical (e.g., Golden, 1979;
Zellner, 1984; Mozurkewich et al., 1985). Variation s among the
prediction are due primarily to uncertainties about barrier heights
for HO-C=0 - H + CO,.

CHs_reactions. — Methane has only C-H bonds, so free radicals
can only abstract H and cannot add to it. Thus, the only reactions
shown by Warnatz (1983) for CH, are metatheses by H, 0, and OH, and
the reverse metatheses involving CHi;.

CHz reactions. - The other CH; reactions can be recognized as

association reactions with H, O, and itself. [Warnatz (1984)
considered the data on rate constants and products for CH.+OH tc be
in too great a state of disarray for any recommendation to be made.]

The review of Warnatz (1984) includes low-pressure-limit (M=Ar)
and high-pressure-limit rate constants for H+CH; - CH, as well as
fall-off curves from 298 to 2200 K. The fall-off curves were
estimated by fitting fall-off data at 308 and 2200 K with unimolecul-
ar QRRK, using collision efficiency B as a fitting parameter.

The reaction CH;+O can be recognized as combination to make
chenically activated CH;0*, which can undergo B-scission to give
H,C=0 + H.

Methyl recombination forms chemically activated C,Hg*
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(CH;—CH,*), which can be collisionally stabilized as C,Hg or can
break a C-H bond to give C,Hs. The reported product channel of
C,H,+H, would have to result from concerted elimination of H,.

Methylene chemistry. — Neither the mechanism of Warnatz (1983)

nor any of the other flame mechanisms examined in Ch. V distinguish
ground-state triplet 3CH, from the low-lying singlet iCH, (&Es-1= 9
kcal/mol). This lumping represents a serious limitation on predic-
tive power in acetylene flames and, thus, at fuel-rich conditions
where acetylene is the dominant hydrocarbon.

The types of reactions of the two electronic states are very
different, as 3CH, undergces the typical radical reactions of
abstraction and association while !CH, inserts into ¢ and n bonds.
Thus 3CH,*radical reactions are very fast recombination events,
while !CH, is not a radical and cannot undergo recombination- On the
other hand, 1CH, insertion reactions may be orders of magnitude
faster than 3CH, addition reactions to the same species. 1CH, also
can be present at appreciable levels, reaching an equilibrium
fraction of 0.05 of the total CH, at 2000 K.

Warnatz (1983) did not show any abstraction reactions, which
would have been the results of 3CH,. Recent papers from the research
group of Wagner (D6bé et al., 1985; Bohland et al., in press) report
experimental data on abstraction of H from alkanes and aldehydes by
3CH,, which permits inclusion of these reactions and, by inference
and analogyv, abstraction from other species.

CH, reactions with H and O are probably reactions of 3CH, be-
cause these are atoms with no bonds where 1CH, can insert. Abstrac-
tion by H is a possibility. More likely, radical combination of 3CH.,
with H forms chemically activated CH;*, which can eliminate molecular
H, to form CH. Combination of 3CH, with O(3P) is highly exothermic
and would lead to CO + 2H by the decompositions H,CO* - HCO* - CO.
New data on these reactions have been reported recently (Bshland and
Temps, 1984; Bohland et al., 1984b).

Warnatz did not list any reactions of CH, with OH. Combination
of 3CH, with OH would form CH,OH*, which would decompose to H,CO+H,
while insertion of !CH, would form CH,0*, which would also yield

H,CO+H. These reactions are analogous to the reactions of 3CH, and
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1CH, with CH, to form C,H4+H, for which rate constants were calculat=—
ed in Ch. VII.6 by bimolecular QRRK.

Finally, CH,+0, was shown.-in Ch. V ‘to be of great..importance .in
this flame, but the state of CH, is not specified and the. product -
distribution is the subject of considerable .controversy. Warnatz
chose the rate constant from a low-temperature study -so CHj; was:
probably 3CH,, but he chose the products CO,+2H in -order ta .fit flame.
data on flame speeds and CO, profiles. Miller et al. (1983): describ—
ed a mechanism treating CH, as. 3CH, to account for -the CO, CO,, H;
H,, and OH which have been attributed to this reaction.. Bohland et :
al. (1984a) prefer the products HCO+OH and H+CO+OH from -their :
experimental study of 3CH,+0,. For 1CH;+0,, the product mix -and .rate .
constant may be quite different.

CH reactions. — The ground state is CH(24a). This species has.
both an unpaired electron, allowing free-radical. reactions,. and an:
empty orbital, allowing insertion reactions.. Warnatz shows..only CH
reactions with H, (discussed above and by -Berman.-and- Lin,  1984);, O, .
02, and C,H; (under C, reactions). Except for CH+0, whichiis a .
radical combination reaction, these reactions all seem to be inser-
tions with chemically activated decompositions.

As: for CH; and CH,, no reaction with OH was: listed by Warnatz.-

A rate constant for the. radical: combination-:(addition/decomposi-
tion) reaction CH+3CH, - H+C,H; was estimated by bimolecular:. QRRK:in
Ch. VII.4.

H2CO and HCO reactions. — Warnatz (1983) includes only .abstracn

tion reactions for H;CO,' but radical: additions to .its .n bond are also..
possible.

HCO+H may proceed by .abstractionand/or-.associationy: but,ithe:. -
only difference in products would be formation.:of.-H3CO at;:low..
temperatures -and high pressures from:the:. combination :reaction.,.

For HCO+0, either .abstraction:or.association:would . lead.to..
CO+0H, . but.-only -the .association reaction..could lead. to CO»+H.:.

The reaction HCO+OH'—~ CO+H;0 .is -an.:abstraction,, and, HtCO+Mr¢ -
HCO+M'is ‘a simple .addition.:

Warnatz .(1983): includes -a :reaction. H00+0, ~ CO+HOp). assigning,a

temperature-independent,: disproportionation-type . of.irate constangt.t
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However, in his review (Warnatz, 1984), he shows good agreement among
room-temperature measurements, a slightly negative Eact (-0.1
kcal/mol) from a single set of measurements at intermediate tempera-
tures, and extreme variation — over three orders of magnitude - in
the rate constant at high temperatures. In light of this behavior,
HCO+0, is probably a chemically activated addition reaction, and the
products and rate constant cited by Warnatz would not be valid.

C2Hs and C2Hs reactions. — Radical reactions with C,H¢ are

exclusively abstractions, as there are no n bonds for radical
addition and no unpaired electrons for radical-radical combinations.
The non-radical addition reaction of 1CH, insertion can occur.

The reaction C,Hs+0 is expected to be analogous to CH,+0, a
radical combination followed by chemically activated decomposition to
H and the aldehyde CH.CHO.

Gutman and co-workers (Slagle et al., 1984) have studied C,H;+0,
and find that, contrary to the recommendation of Warnatz (1984), this
reaction has a downward-curving Arrhenius plot as temperatures
increase frcm 298 to 1003 K. Also, the pressure-dependence of the
rate constant decreased with increasing temperature. Such behavior
indicates addition/stabilization rather than the abstraction implied
by Warnatz.

C2Ha reactions. — The reactants H+C,H, form the adduct C,Hs at

low temperatures and the abstraction products C,H;+H, at high
temperatures, as was shown in Ch. VII.®6.

To form HCO+CH,; from 0+C,H,, the addition complex ( -CH,~CH,-0-)*
must undergo chemically activated isomerization by a 1,2-H-shift
before decomposing.

Warnatz (1983) used only an abstraction channel for OH+C,H,
although low-temperature rate constants show the effects of an
addition channel (Warnatz, 1984).

CzH: reactions. - Two bimolecular C,H; destruction reactions
were given by Warnatz (1983). The first, H+C,H; -+ H,+C,H,, was shown

in Ch. VII.5 to be consistent with chemically activated addition/

decomposition.
The second is reaction of C,H; with 0,, which assumed by Warnatz

(1983, 1984) to be a barrierless abstraction to HO,+C,H,. The
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absence of an activation energy was shown in Ch. V to cause erroneous
OH profiles at low temperatures because of excessive formation rates
predicted for HO, by this reaction.

However, the products as well as the rate constant are incorrect
for C,H,+0,> in the Warnatz mechanism, as shown by Gutman and co—-work-
ers. In those studies, the products were shown instead to be
HCO+H,CO with pressure-independent rate constants at 296 K over 0.4
to 4 torr (Park et al., 1984) and pressure-dependent rate constants
at 600 K over 0.8 to 3.6 torr (Slagle et al., 1984). These products
and pressure-dependences are consistent with chemically activated
isomerization and decomposition steps.

C2H> reactions. — As for H+C,H,, H+C,H, forms the adduct C,H,

at low temperatures and abstraction products at high temperatures.
Rate constants for the addition/stabilization channel were calculated
in Ch. VII.4.

Reaction of C,H, with O is important even in fuel~rich flames,
and there is good agreement that O adds to C,H.,. The branching
between products H+HCCO and CH,+CO is quite uncertain, though, and
recent experimental studies (Lohr and Roth, 1981; Vinckier et al.,
1985; Frank et al., 1986) and theoretical calculations (Harding,
1981) have focused on the problem. The identity of the CH, electron-
ic state has not been examined.

The products and rate constants of C,H,+OH are even more
controversial. Warnatz (1983) treated the reaction as having low-
temperature and high-temperature pathways. At high temperatures, he
used C,H+H,0 as products corresponding to the measured rate
constants. He uses classical fall-off curves estimated for
addition/stabilization, but this is in conflict with his choice of
products as CH,CO+H, which would not have the same kind of fall-off
as for simple addition (Ch. VI). These products could be
rationalized as coming from chemically activated isomerization/
decomposition, which would follow an inverse fall-off behavior.
Smith, Fairchild, and Crosley (1984) interpret their OH+C,H, data as
simple addition at lower temperatures, based on their measured rate

constant for disappearance of OH.
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C>H reactions. — Warnatz (1983) shows reactions with O and O,

for oxidation of C,H. The first can be explained as radical combina-
tion to form chemically activated -HC=C=0*, which decomposes to
CH+CO.

The reaction of C,H+0, was listed as giving HCO+CO, which can be
explained by a chemically activated isomerization reaction like that
proposed for C,H.+0, (above). Warnatz (1983, 1984) estimated a rate
constant for this reaction such that C,H, formation rates could be
matched by his mechanism. Laufer and Lechleider (1984) also report
HCCO+0 as a second channel, which would be consistent with simple
bond fission in the chemically activated adduct HC=C-0-0-*.

No OH reaction was shown.

CH3CHO reactions. — Warnatz (1983) shows abstraction reactions

by H, O, and OH. He assumes that unimolecular decomposition of the
product CH,CO (the reverse of the addition step CH.+CO - CH,CO) is
very rapid, and no explicit kinetics for this step are included.

CH2CO reactions. — Ketene was assumed to be formed by OH+C,H..

Four CH,CO destruction reactions were shown, each of which can be
explained best as an association type of reaction.

Ketene pyrolysis is included as giving CH,+CO, but again the
electronic state of CH, is not specified. 1In fact, !CH, is formed
(Laufer, 1981). Most of the !CH, would be rapidly quenched to 3CH,,
particularly at lower temperatures where the equilibrium level of
1CH, is very low. Warnatz (1984) recommends the rate constant only
for 1000-2000 K and includes it in his mechanism (Warnatz, 1983) only
as decompostion. As a result, making the reaction CH,CO - CH,+CO
reversible and applying it at low temperatures would falsely give a
high addition rate constant for "CH,"+CO, while the CH, actually
would be 3CH,, which should add even more slowly than the very slow
reaction 0+CO.

The destruction reactions of CH,CO by H, O, and OH can be
recognized as addition to the CH, group on the end of the molecule,
followed by chemically activated steps.

HCCO reactions. — Ketyl (HCCO) is formed in the Warnatz

mechanism by O0+C,H,. Similarly to ketene, the listed destruction

reactions by H and O can be interpreted as radical combinations with
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‘CH=C=0 followed by chemically activated steps. The H-atom reaction
should give 1CH,, as the adduct is chemically activated CH,CO.
CzHn reactions. — Warnatz (1983) included the C; species C;Hj;

and CsH,, and all of the reactions he used can be explained as
association reactions with chemically activated adducts.

One problem in speculating about the mechanisms of C.H; reac—
tions is that two isomers of comparable stability exist: propadiene
(allene, CH,=C=CH,) and propyne (methylacetylene, HC=C-CH,;). Warnatz
did not distinguish between the reactions of these species. Similar-
ly, both propargyl ( &-C:H.) and cyclopropenyl (c-C Hz*) exist as
isomers of C;H;.

Methyl addition to C,H, forms CH.-CH=CH-*, which can be stabil-
ized or eliminate H by B-scission to form propyne. As another
alternative, this adduct also can isomerize to -CH,—CH=CH,* (allyl),
whicin can eliminate H by B-scission to form propadiene (Dean, 1985).

Destruction of C;H, by OH to HCO+C,H,; was listed with a rate
constant that had been chosen from room-temperature measurements of
OH + propyne (Warnatz, 1984). A chemically activated sequence can be
postulated, but several H-shifts must occur. At flame conditions,
abstraction seems more likely.

Warnatz (1983) assumes that H+C;H; - "C;H," occurs with a high-
pressure-limit combination rate constant for 2#-C;H.

Both "CH," and CH are shown as leading to C,H; by addition to
C,H;, based on room-temperature measurements. The cited rate
constant for CH, then would refer to 3CH, addition, forming
‘CH,—CH=CH -* that would eliminate H from the central carbon by
B-scission to form $%-C;H,. Radical addition of CH to C,H, would
require H-shifts to form #2-C;H;. Insertion into the C-H bond give
$—C;Hz* directly, while insertion into the n bond would form c-C.H.*.
The chemically activated C;H;* species would probably reach equili-
brium between each other before being collisionally stabilized,
although with sufficient activation, c-C.Hs;* could eliminate an
electron to form C;H,*.

The reaction C;H;+O - C,H;+CO can be explained as isomerization/

decomposition if C;H; is #-C;H,;. Combination of CH,=C=CH- with O
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would give HCeC-CH,-0-* or H,C=C=CH-0‘* (equivalently, H,C=C--CH=0*),
which could decompose to the cited products after one H-shift.

CsHn reactions. - These are principally the reactions involving

C4H2, which bring C,H and C,H; (isomer unspecified) into the mechan-
ism.

Abstraction and sddition channels are open to H+C,H,. Abstrac-
tion forms C,H+H,, while addition will form either isomer of C H.*.
If 1-C,Hs* is formed with sufficient energy, it can decompouse to C,H
+ C2H,, the reverse of which has been shown to be a fast, chemically
activated addition/decomposition reaction (Dean, 1985).

The reaction C,H,+C,H, = H+C,H; is rather controversial and is
based on observation of rates for C,H, pyrolysis that are second-
order in C,H,. Frenklach et al. (in press) have recently proposed
that the reaction is the reverse of simple disproportionation between
C,H and C,H,.

Warnatz proposes that destruction of C,H, by OH proceeds
analogously to his reaction C,H,+OH - CH,CO+H, followed by OH attack -
on the product [ethynylketene?] to give C,H,, 2C0, and H with a high
rate. If C,H, +OH proceeds this way, it would have to proceed by
chemically activated reactions. Obviously, this sequence of reac-
tions for C,H,+OH needs further examination.

The reaction C4H,+0 -~ C.H,+CO (Warnatz, 1984) is not present in
this mechanism, but it could be explained by chemically activated
addition of O.

CeHn reactions. — These reactions are completely analogous to

the reaction set for C,Hn. The only variation is that CgHs* can be

formed by H+CgH,, by C H+C,H,, or by C,H+CH,.

In summary, this analysis illustrates that only three types of
reactions occur in combustion. Class I reactions - H-atom transfers
- are important ways of converting saturated hydrocarbons and C/H/0
species into more-reactive free radicals. Class II reactions -

associations - account for all the oxidation and molecular-weight—
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growth steps. Although the Warnatz mechanism did not include any
class III reactions - thermal isomerizations, this type of reaction
is well-recognized.

This analvsis also emphasizes the importance of chemically
activated association reactions and the uncertainties associated with
their products and rate constants. It is this type of reaction that
can be analvzed by bimolecular QRRK, showing the great potential of
this method for improving the chemical mechanisms and placing them on

a physically and chemically sound basis.
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X.1.

CHAPTER X. CONCLUSIONS AND RECOMMENDATIONS

Conclusions
Data have been collected that give a thorough description of a

lightly sooting acetylene flame. Thirty-eight profiles of mole

fraction were measured for stable species and for free radicals by

MBMS, and mole fraction data were collected for 20 other species

using MBMS and for 174 stable species from C¢H, to C,,H,, using
microprobe sampling and GC/MS. These data significantly extend the
pioneering results of Bonne, Homann, and Wagner (1965) and provide an

extensive data base for detailed testing of chemical mechanisms.

Based on the data and modeling, general conclusions are:

(1) Literature mechanisms for less fuel-rich conditions
predicted mole fractions fairly well (a factor of two) for major
species at sooting conditions, but for hydrocarbon radicals,
they show serious deficiencies. These failures prevent the
predictions of important features like formation of aromatics.
{2) The key cause is a lack of rate and product data for
reactions that are crucial to such predictions.

{3) Bimolecular QRRK is a practical, accurate tool for estimat-
ing rate constants and branching for many of these reactions.
{4) Analyses of rate constants by QRRK leads to the insight
that all the reactions in combustion chemistry can be categoriz-
ed as metathetical H-atom transfer (abstraction or dispropor-
tionation), as chemically activated bimolecular reactions, or as

thermal, unimolecular isomerizations.

Critical evaluation of mechanisms. — Specific conclusions from

testing the mechanisms are:

(1) Elementary reactions that are reversible should be included
with rate constants for both forward and reverse directions if
the mechanism is to be used generally, even if the predictions
at a given condition are insensitive to a particular direction.
(2) CH. chemistry is very important to the predictions, but

there is no distinction made between singlet and triplet CH, in
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the mechanisms, despite the presence of each and their greatly
differing reactivities.

(3) H,0 and CO, predictions are strongly affected by the
product branching and rates of CH, + 0, and of C(H, + OH, but
only two mechanisms (WZ and WZ’) predict shape and magnitude
well for both species.

(4) The absence of destruction kinetics for C, species in two
mechanisms (MMSK and WD) leads to a misprediction that these
species would be formed in quantities much greater than is
observed, which makes them unrealistically large sinks for
carbon and impairs predictions for other species in the affected
mechanisms.

(5) Peculiarities in the OH prediction are caused by differ-
ences in C,H: + 0, activation energies, but recent measurements
indicate that the rate constant and even the products of the
reaction are drastically different (- HCO + H,CO) from those
used in existing mechanisms (- C,H, + HO.).

(6) CLH; is largely determined by its reaction with 0, and, in
one mechanism (WD), by the inclusion of a C;Hg = Co,H; + CH;

reaction which is assumed to be in the high-pressure limit.

Prediction of rate constants by bimolecular QRRK. - This method

is a practical tool for the modeler and a valuable supplement to RRKM
theory. The reason is that the key input data are high-pressure-
limit Arrhenius parameters A, and Eact ,» for each bimolecular and
unimolecular step involved, which are generally available from
experimental data or which can be estimated by thermochemical
kinetics. Specific results and conclusions are:
(1) Bimolecular QRRK accurately predicts rate constants for
chemically activated reactions including pressure dependence,
low-pressure limits for addition/stabilization reactions, and
non-Arrhenius temperature dependences.
(2) Chemically activated decomposition is shown as outgrowth of
the QRRK equations to have the inverse of classical fall-off
behavior. 1Its bimolecular rate constants are pressure—-indepen-

dent at lJow pressure rather than high pressure, a prediction
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that is supported by the products and rate constants of many
radical-radical reactions. Also, at high pressure, these rate
constants are predicted to be inversely proportional to
pressure.

(3) The reactions of "CH,", which were shown by testing
mechanisms to be of great importance, can be analyzed by using
bimolecular QRRK for the distinctly different reactions of the
electronic ground-state 3CH, and for the low-lying electronic
state 1CH,.

(4) The reactions of H + O, are shown to be classical cases of
chemical activation, leading to HO, by addition/stabilization
and to O + OH by addition/decomposition, and rate constants for

these reactions and for O + OH - H + O, are predicted well.

Benzene formation. — Calculations of rate constants for 1-C H,

and 1-C,Hs + C,H, show that simple addition to make linear adducts is
too slow to account for the rate of benzene formation. Instead,
benzene formation is described well by chemically activated addition/
isomerization of these reactants, which leads directly to aromatic
products without forming thermalized intermediates that could be
destroved before leading to aromatics.

Types of combustion reactions. — From the above conclusions, it

follows that all reactions in combustion chemistry can be categorized
as metathetical H-atom transfer, as chemically activated, addition-
initiated reactions, or as thermal isomerizations. The widespread
occurrence of chemically activated reactions has not been recognized,
probably because the inverse pressure dependence of chemically
activated decompositions has not been recognized.

By examining the Warnatz mechanism, it was shown that all of the
oxidation and molecular-weight-growth reactions are of this type.
This breakdown is more than just a descriptive tool, then, but a
means of insight to the fundamental differences and similarities

among chemical reactions in combustion.
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X.2. Recommendations for continued research

Further data are necessary to understand fuel-rich combustion,
and bimolecular QRRK should be applied to estimate rate constants
where nc data are available or where exirapolation from low tempera-
tures or different pressures is required. Sensitivity analyses must
identify whether these reactions are important. Specifically:

(1) The destruction kinetics of C;H,;, C4H>, and of the radicals

"CH," (3CH, and !CH,), C,Hs;, C.H,, and C;H; should be estimated

by using bimolecular QRRK, rationalizing data that exist for

these reactions and anticipating better experimental data.

(2} Combustion kinetics for hydrocarbons heavier than C,’s,

including formation and destruction of polycyclic aromatics, are

largely unexplored but should be addressed using these data and
predictive methcds.

(3) 1In particular, sources of C, species that lead to benzene

formation are not understood, but unimolecular and bimolecular

QRRK again should be used to investigate such reactions.

(4) QRRK methods also should be applied to other systems as

diverse as NOx chemistry, nitrogen fixation, chemi-ionization,

ion—-molecule reactions, and plasma chemistry.

(5) Data on pure fuels C,H,, C,Hg, CsHg, C:;Hg, toluene, and on

mixtures will yield data that are sensitive to different

reactions, allowing improvement of mechanisms.
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APPENDIX A.

Directly measured and extrapolated temperatures

Distance Distance Distance
from burner from burner from burner
(mm ) T (K) (mm) T (K) (mm) T (K)
Unheated Resistive heating Curve used in
thermocouple: method: modeling:
0.82 870 0.82 907 0.0 570
1.28 1023 1.28 1092 0.5 770
1.89 1177 1.89 1322 1.0 979
3.75 1399 25.97 1710 1.5 1185
7.67 1542 32.96 1682 2.0 1358
14.01 1518 35.09 1543 2.5 1469
20.43 1464 2.06 1367 3.0 1560
25.97 1422 4.0 1701
30.88 1383 Extrapolated using 5.0 1781
34.50 1356 emissivity—diameter 6.0 1850
36.14 1342 product: 7.0 1882
32.96 1409 8.0 1900
35.09 1411 3.75 1671 9.0 1901
37.86 1390 7.67 1899 10.0 1898
36.54 1400 14.01 1858 11.0 1893
2.06 1183 20.43 1769 12.0 1885
25.97 1701 13.0 1872
30.88 1640 14.0 1858
34.50 1599 15.0 1846
36.14 1578 16.0 1831
37.86 1517 17.0 1816
36.54 1528 18.0 1802
19.0 1788
20.0 1776
22.0 1750
24.0 1725
26.0 1700
28.0 1675
30.0 1651
34.0 1603
38.0 1557
42.0 1510
46.0 1462
50.0 1414

317



APPENDIX B.

List of files by species in acetylene flame (¢=2.4)
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APPENDIX C.

Mole~-fraction data points

Points were measured by molecular-beam mass-spectrometry as
signal intensities for mass 40, the species of interest, any other
species that might make isotopic contributions, and mass 40 again.
The signal ratio was corrected for isotopic contributions to the
species of interest and for non-Ar contributions to mass 40. A
mole-fraction ratio to Ar was calculated by dividing the signal ratio
by a calibration factor, the product of the calibration sensitivity
Si ,or and the beam mass—discrimination factor oi. Finally, the mole
fraction of Ar was computed by difference and the mole-fraction
ratios were converted to absclute mole fractions.

Distances from the burner to the nozzle, Z (cm), were adjusted
for probe perturbation by subtracting 0.11 cm (two orifice diameters)
from the measured distar~es (see Ch. III).

The calibration factors determine the appropriate number of
significant digits that should be attributed to the mole fractions of

each species.

Mass 1 - H atom. 0.972 +6.0502E-03
Calibration factor 0.0151 1.184 +4.3429E-03
Source: 112184.SC1 1.454 +4.0717E-03

1.944 +5.5787E-03

Z(cm) Mole fraction 2.857 +3.9776E-03
0.062 +2.6667E-03 3.824 +5.2663E-03
0.042 +1.2116E-03 0.821 +6.2905E-03
0.010 +2.4412E-03
0.027 +7.1631E-04 Mass 2 - H,.
0.092 +1.4454E-03 Calibration factor 0.283
0.171 +5.8694E-03 Source: 112184.ALT
0.207 +5.8362E-03
0.247 +1.0389E-02 Z(cm) Mole fraction
0.301 +1.2367E-02 0.062 +6.9448E-02
0.337 +1.6240E-02 0.042 +6.7588E-02
0.383 +1.0560E-02 0.010 +6.9047E-02
0.441 +1.0476E-02 0.027 +7.0315E-02
0.491 +1.5869E-02 0.092 +7.5602E-02
0.543 +1.0718E-02 0.171 +8.7333E-02
0.591 +1.1144E-02 0.207 +9.3159E-02
0.657 +1.0578E-02 0.247 +9.6065E-02
0.703 +8.6766E-03 0.301 +1.0450E-01
0.752 +7.8465E-03 0.441 +1.0773E-01
0.757 +6.6003E-03 0.491 +1.1890E-01
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(H, continued) 0.268 +4.8318E-03

0.543 +1.2632E-01 0.224 +4.3495E-03
0.591 +1.3056E-01 0.179 +3.2945E-03
0.657 +1.3519E-01 0.141 +2.6946E-03
3.697 +1.8612E-01 0.113 +2.2027E-03
3.865 +1.7835E-01 0.071 +1.9098E-03
3.824 +1.8020E-01 0.018 +1.1376E-03
3.555 +1.8416E-01 0.027 +1.1646E-03
3.298 +1.8267E-01 0.050 +1.3328E-03
3.002 +1.8054E-01 0.091 +1.8127E-03
2.740 +1.8456E-01 0.124 +2.4706E-03
2.457 +1.8419E-01 0.153 +3.4365E-03
2.214 +1.7622E-01 0.179 +3.5275E-03
1.964 +1.7799E-01 0.207 +3.8803E-03
1.710 +1.7445E-01 0.248 +4.4904E-03
1.455 +1.6838E-01 0.278 +4.5935E-03
1.213 +1.6217E-01 0.295 +4.81995-03
1.073 +1.6157E-01 0.347 +4.5290E-03
0.951 +1.5516E-01 0.861 +2.8825E-03
0.821 +1.5435E-01 2.244 +1.0818E-03
0.699 +1.4468E-01
0.583 +1.4011E-01 Mass 16 - CH,.
Calibration factor 0.1219
Mass 15 - CHj. Source: 112984.1S0 (13.5eV)
Calibration factor 0.286
Source: 112984.1S0 (12 eV) Z(cm) Mole fraction
3.804 +1.9696E-03
Z(cm) Mole fraction 3.705 +1.9570E-03
3.804 +7.3048E-04 3.517 +1.6155E-03
3.705 +8.0858E-04 3.197 +1.5423E-03
3.517 +7.8915E-04 2.942 +1.4701E-03
3.197 +8.6172E-04 2.683 +1.2665E-03
2.942 +8.8418E-04 2.490 +1.4133E-03
2.683 +8.1857E-04 2.287 +1.4090E-03
2.490 +1.0318E-03 2.109 +1.3715E-03
2.287 +1.0168E-03 1.920 +1.1342E-03
2.109 +1.1761E-03 1.730 +1.1347E-03
1.920 +1.2169E-03 1.575 +1.0414E-03
1.730 +1.2802E-03 1.425 +1.0791E-03
1.575 +1.2937E-03 1.263 +1.2053E-03
1.425 +1.4971E-03 1.143 +1.2873E-03
1.263 +1.6897E-03 1.024 +1.0419E-03
1.143 +1.6542E-03 0.927 +1.3547E-03
1.024 +2.1317E-03 0.834 +1.3390E-03
0.927 +2.3036E-03 0.748 +1.6196E-03
0.834 +2.6667E-03 0.646 +1.7279E-03
0.748 +3.0187E-03 0.553 +2.0548E-03
0.646 +3.6855E-03 0.468 +2.538B0E-03
0.553 +3.9243E-03 0.407 +3.2476E-03
0.468 +4.6379E-03 0.380 +2.8353E-03
0.407 +4.6780E-03 0.352 +3.5960E-03
0.380 +4.8707E-03 0.305 +3.7940E-03
0.352 +4.7127E-03 0.268 +3.5323E-03
0.305 +4.5906E—-03 0.224 +3.7810E-03
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(CH, continued) 1.677 +2.4811E-04

0.179 +3.2338E-03 1.094 +3.6031E-04
0.141 +3.4555E-03 1.094 +3.6031E-04
0.113 +3.8351E-03
0.071 +3.6279E-03 Mass 18 — H,0.
0.018 - 3.2891E-03 Calibration factor 0.647
0.027 +3.1267E-03 Source: 011084.DAT
0.050 +3.2670E-03
0.091 +3.4694E-03 Z(cm) Mole fraction
0.124 +3.8343E-03 0.257 +1.1820E-01
0.153 +3.5855E-03 0.184 +1.0203E-01
0.179 +3.9021E-03 0.153 +9.5210E-02
0.207 +3.5473E-03 0.108 +9.5532E-02
0.248 +3.8587E-03 0.076 +8.4254E-02
0.278 +3.6769E-03 0.041 +7.6458E-02
0.295 +3.6699E-03 0.006 +6.8697E-02
0.347 +3.3325E-03 0.026 +7.3572E-02
0.861 +1.6354E-03 0.052 +7.3054E-02
2.244 +1.5617E-03 0.099 +8.5216E-02
0.133 +8.8754E-02
Mass 17 - OH. 0.168 +9.8876E-02
Calibration factor 0.311 0.207 +1.0519E-01
Source: 112884.1S0 0.243 +1.0436E-01
0.265 +1.1051E-01
Z(cm) Mole fraction 0.297 +1.1761E-01
0.334 +9.0445E-04 0.336 +1.2435E-01
0.306 +5.6386E-04 0.377 +1.2996E-01
0.293 +5.8520E-04 0.416 +1.2451E-01
0.240 +5.0123E-04 0.453 +1.3550E-01
0.235 +5.0249E-04 0.505 +1.3319E-01
0.197 +4.5021E-04 0.544 +1.3622E-01
0.166 +3.4803E-04 0.575 +1.4196E-01
0.140 +2.9904E-04 0.629 +1.3867E-01
0.093 +1.6535E-04 0.663 +1.4096E-01
0.067 +1.9840E-04 0.709 +1.3426E-01
0.031 +1.2474E-04 0.753 +1.3510E-01
0.038 +2.3668E-04 0.788 +1.3241E-01
0.080 +2.4753E-04 0.844 +1.3049E-01
0.108 +2.1952E-04 0.876 +1.2566E-01
0.167 +3.2026E-04 0.959 +1.2732E-01
0.209 +3.8901E-04 1.065 +1.2170E-01
0.279 +6.3196E-04 1.162 +1.2147E-01
0.301 +6.6920E-04 1.297 +1.1892E-01
0.335 +7.3245E-04 1.493 +1.1246E-01
0.363 +8.6532E-04 1.714 +1.0937E-01
0.396 +5.7483E-04 2.016 +1.0419E-01
0.546 +7.7860E-04 2.338 +9.9539E-02
0.584 +6.639BE-04 2.596 +9.8902E-02
3.933 +3.1606E-05 2.973 +9.6938E-02
3.824 +3.6535E-06 3.339 +9.5876E-02
3.691 +3.2293E-05 3.576 +9.6367E-02
3.438 +9.0335E-06 3.794 +9.6290E-02
3.184 +3.9481E-05 3.877 +9.3915E-02
2.927 +6.8212E-05 3.647 +9.5070E-02

3.325 +9.6946E-02
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Mass 26 - Cszo Mass 27 - Csz.

Calibration factor 1.075 Calibration factor 0.35
Source: 121384.SCL Source: VINYL.ISO
Z(cm) Mole fraction Z(cm) Mole fraction
3.881 +6.0347E-02 0.054 +8.7067E-05
3.744 +6.1064E-02 0.118 +5.0157E-05
3.579 +5.9496E-02 0.151 +1.0128E-04
3.400 +5.8811E-02 0.237 +1.0352E-04
3.150 +5.8931E-02 0.300 +1.4933E-04
2.903 +6.0150E-02 0.382 +1.8132E-04
2.649 +6.0860E-02 0.434 +2.2282E-04
2.379 +6.0178E-02 0.435 +1.8022E-04
2.188 +6.1632E-02 0.519 +1.5094E-04
1.997 +6.2613E-02 0.595 +1.4750E-04
1.813 +6.4046E-02 0.691 +1.8434E-04
1.646 +6.3186E-02 0.806 +1.0862E-04
1.490 +6.6103E-02 0.690 +1.5364E-04
1.366 +6.8954E-02 0.888 +8.9998E-05
1.234 +7.0435E-02 1.104 +4.5782E-05
1.110 +7.3531E-02 1.311 +6.4192E-05
0.981 +7.7421E-02 3.838 +3.4993E-05
0.899 +8.0063E-02 3.600 +4.448B1E-05
0.760 +8.9174E-02 3.282 +1.6474E-05
0.654 +1.0041E-01 3.206 +3.1926E-05
0.538 +1.1878E-01 3.008 +1.5028E--05
0.432 +1.4543E-01 2.695 +1.5506E-05
0.348 +1.7466E-01 2.468 +2.2089E-05
0.282 +2.06713E-01 2.085 +4.4346E-05
0.236 +2.2201E-01 1.710 +3.4771E-05
0.181 +2.4665E-01 1.454 +5,.3463E-05
0.144 +2.5756E-01 1.263 +6.3509E-05
0.084 +2.7675E-01 0.947 +5.8017E-05
0.053 +2.9434E-01 0.695 +1.3051E-04
0.016 +3.0792E-01 0.544 +1.5591E-04
0.028 +3.0252E-01
0.072 +2.9226E-01 Mass 28(a) - C,H,.
0.119 +2.7349E-01 Calibration factor 0.41
0.161 +2.5310E-01 Source: C2H4.1S0
0.188 +2.4164E-01
0.229 +2.2221E-01 Z(cm) Mole fraction
0.269 +2.0438E-01 3.881 +2.8592E-05
0.307 +1.9035E-01 3.744 +4.7064E-06
0.335 +1.7792E-01 3.579 +1.1043E-04
0.389 +1.5667E-01 3.400 +5.9467E-06
0.447 +1.3704E-01 3.150 +1.1360E-04
0.518 +1.1744E-01 2.903 +8.8963E-05
0.564 +1.0528E-01 2.649 +4.4029E-05

2.379 +8.5693E-05
2.188 +8.9036E-05
1.997 +3.0332E-95
1.813 +1.5679E-04
1.646 +1.4418E-04
1.490 +1.2625E-04
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Magg 28¢h) — CQO.
Calibrationfactan:1.098:
Sourge:120183:DART

(CsHyi continued)i
1.1366.+9 . 5599Ex 05

1.23%.+9 6 TTAEH05
1.110 o+1.15479E 04

0.981 1+2 (2858E:104)1 Z(cm), Mole fractiann
0.899:+1..5969E104 3.98% +5 3ZEOD 1
0.760:+2 . 9827E+04 3.881 1+5 51888E:t0b 1
065415 ;1 448E+ 041 3.625+52T93E:1 0D |
0.:538:+9.:8908E::04).1 3.878 5 :3426E::0D 1
0.432:+1.3669E:03 3 332Q 05 ALL8E0 D
0.348 :+2.0269E+03 2 815 55 A1 TTAERO
0.282::+2 ;3106E+03): 2,616 ¢+5 05208100 |
0.:236:+2 2285E:+03) : 2. 490 7+5 AAWSE0D |
0,18k 1+2 . 0886E+03) 3 2,242 +52380B10Db |
0144 +1.7878E::03) 2 1.98% +4.998T€+0D1
0:084.1+1.16232E+03 2 1.{7995+5. 615 88::0b 1|
0.053 :41.6335E+0313 1.1799:#+5 0898EF0L 1
0,016 +1.3504E+03 3 1.16093+5518%MEH0 D)
0.028+1.14608E:703) 2 1.48(0+5 51562E+0D |
0,072 .+1..8652E+03) 1.388+5- 0 W0W0D 1
0119 +1.8472E+03 1.30Q0+5 DIZRIR+0D 1
0.161,1+2.0238B:+03) 1.11994+4 9540K:0D |
0:188::+2,;0082E+03) 3 1.115 5+4 . 9588 0D 1
0229 #2.3527E+03 3 1.035:5+502208:0D 1
0:269:+2.2370E03 0 (938 3+4.{71419E;:0D1
0807 +2 . 3595E+03 0 (866,04 BHIIEO0D)
0335+ 18T TE+03 3 0774 +4.6893E:0D 1
0.:38%:#1./6466E:+03: 3 0 (683:3+4 HHHIEF0D 1
0.447 +1.2261E+03 5 0:5993+4 /3802E+0D 1
0518 :#5 5TNA4E+04 06K 5+4 417120801
0:564..+5 71934E+04 0 (A68:;+3 . BTB6E0D |
1.1224 .+3 . 0313E:+05 5 0 (403 3+3 864010 D1
1.1148 ++1..10925E+04).1 0342 +3.3930E+0D]
1.064 +1.4847E+04 4 027 +3 31 147E+0 b1
0,982 +1.51218+04 0205 5+2.80ME:0D 1
0.890:+2 A8T4E+04 4 0 0170 0+2 455580 1
04792::+2 5698E::04) 1 00114 4+2 21 154R 01
0.6391 1+3.3548E;:04 3 0 0699+ 11933 E+0D 1
0.666;:i+3.3337E+04); 0 (03%5+1 17539801 1
0 (632 +4 ,7366E+04 4 0 00D 1+1-.16423K:0b 1
0574 +6 A1 159K:104) . 0 (048 s+ 1 J7T9UE+OD 1
0535 #+8 RL58TE+04)4 00887+ L.1954R0D )
0498+ 9:1927F+04 4 0013 0+2 243381011
0.163;3+1.12462E8+03 3 0018B1+2 A1MR0D 1
0416 1+ 1 .500TE+03 3 0220 1+2 :8366E::0D1
0366+ 1-.18585E+03 3 0 (26172 92856801 1
0(330,0+2 06BTE+0I 3 0318 6+3 PBHIEF0D |
0 (285:75+2 21 12481033 0 (365 7#+3 HTHMABO0D 1
0(233:+2 523581033 0418 g+3 W0 ]
0018R1+2.0128E+03 3 0 1666+3 BIBRREOD |
00145 5+ 1 1982TE+03 3 0 (69%5+4 434308:0b 1
00112 2+ 118800803 3 0 124 4+4 AT8BHOD)
000665+ ) 1639TE+0I 3 0.(85% ++4 JT833E0D 1
00339+ 1 .1567E+03 3 0991 1+4 858 B0 1
0 {006+ 1 JA509E03 3
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(CO continued) Mass 30 - H,CO and/or C,Hg;

1.105 +5.2779E-01 probably mostly H,CO.
1.252 +5.1908E-01 Calibration factor 0.45
1.366 +5.1075E-01 Source: 122983.1S0
1.498 +5.3611E-01
1.645 +5.2889E-01 Z(cm) Mole fraction
1.893 +5.7058E-01 0.019 +7.9347E-04
2.159 +5.3907E-01 0.032 +6.9692E-04
2.397 +5.4322E-01 0.061 +8.1471E-04
2.635 +5.5336E-01 0.091 +7.3164E-04
2.900 +5.1337E-01 0.127 +7.2475E-04
3.148 +5.6536E-01 0.155 +6.7933E-04
3.393 +5.5736E-01 0.225 +4.9383E-04
3.617 +5.3533E-01 0.262 +3.5526E-04
3.882 +5.6400E-01 0.288 +3.1575E-04
0.347 +1.9600E-04
Mass 29 - HCO; some C,Hs 0.408 +1.8146E-04
Calibration factor 0.42 0.448 +1.2008E-04
Source: 122983.1S0 0.505 +8.168B0E-05
0.564 +7.3558E-05
Z(cm) Mole fraction 0.639 +5.0519E-05
0.019 +6.7334E-05 0.742 +4.5320E-05
0.032 +1.5367E-05 0.827 +3.1789E-05
0.061 +3.6571E-05 0.930 +3.1090E-05
0.09]1 +4.1619E-05 0.793 +1.6829E-05
0.127 +5.8675E-05 0.671 +3.9646E-05
0.155 +9.6980E-05 0.591 +5.8998E-05
0.225 +4.2493E-05 0.511 +8.5360E-05
0.262 +5.3413E-05 0.454 +1.4168E-04
0.288 +7.4448BE-05 0.372 +2.5579E-04
0.347 +6.2466E-05 0.311 +2.4682E-04
0.408 +5.9919E-05 0.281 +3.9333E-04
0.448 +5.6209E-05 0.237 +4.0535E-04
0.505 +4.4065E-05 0.201 +5.9792E-04
0.564 +6.5309E-05 0.162 +6.1569E-04
0.639 +7.1680E-05 0.130 +8.6733E-04
0.742 +4.764B6E-05 0.096 +8.4591E-04
0.827 +3.3350E-05 0.063 +9.2781E-04
0.930 +2.9190E-05 0.020 +9.4999E-04
0.793 +1.9883E-05
0.671 +5.8075E-05 Mass 32 - 0,.
0.591 +3.6619E-05 Calibration factor 0.365
0.511 +8.8942E-05 Source: 122783.DAT
0.454 +4.1921E-05
0.372 +3.1173E-05 Z(cm) Mole fraction
0.311 +3.0487E-05 3.852 +1.8225E-04
0.281 +5.8239E-05 3.596 -4.4176E-04
0.237 +5.8913E-05 3.350 -2.3153E-04
0.201 +3.6652E-05 3.079 +3.4155E-04
0.162 +4.1908E-05 2.850 -1.7929E-04
0.130 +6.7389E-05 2.595 +2.2785E-04
0.096 +2.6107E-05 2.331 +5.6582E-04
0.063 +3.4044E-05 2.073 -1.2114E-04
0.020 +6.7321E-05 1.879 +4.6520E-04
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(0> continued) 0.309 +1.1238E~-04

1.689 +5.0880E-04 0.344 +9.5212E-05
1.474 +6.2895E-04 0.368 +7.0461E-05
1.309 +1.4047E-03 0.397 +4.7254E-05
1.127 +1.9840E~03 0.435 +1.6649E-05
1.003 +3.1271E-03 0.469 +4.4017E-05
0.880 +6.8747E-03 0.497 +2.6623E-05
0.797 +9.9749E-03 0.529 +1.0191E-05
0.702 +1.4439E-02 0.571 +3.4060E-05
0.624 +2.1901E-02 0.805 +3.6498E-06
0.547 +3.2278E-02 1.473 +1.3003E-05
0.491 +4.4703E-02
0.400 +7.1624E-02 Mass 38 - C.H,.
0.353 +9.1051E-02 Calibration factor 0.51
0.286 +1.2656E-01 Source: 122383.DAT
0.241 +1.5704E-01
0.200 +1.8374E-01 Z(cm) Mole fraction
0.156 +2.1519E-01 0.035 +0.0000E+00
0.121 +2.2711E-01 0.081 +6.118B0E-06
0.076 +2.4922E-01 0.113 +3.1025E-06
0.043 +2.7336E-01 0.135 +1.9121E-05
0.055 +2.7121E-01 0.177 +3.1652E-06
0.137 +2.1651E-01 0.200 +1.5563E-05
0.239 +1.6098E-01 0.231 +3.0354E-05
0.333 +1.0422E-01 0.262 +4.029BE-05
0.294 +6.1980E-05
Mass 33 — HO,. 0.337 +1.0504E-04
Calibration factor (.88 0.383 +1.5270E-04
Source: 121184.1S0 0.427 +1.8221E-04
0.456 +1.7028E-04
Z(cm) Mole fraction 0.488 +1.4454E-04
0.331 +8.6402E-05 0.527 +1.9196E-04
0.308 +8.2541E-05 0.568 +2.0049E-04
0.281 +1.1317E-04 0.619 +1.7050E-04
0.241 +1.2773E-04 0.666 +2.0365E-04
0.210 +1.8569E-04 0.720 +1.5225E-04
0.179 +2.2678E-04 0.799 +1.2988E-04
0.137 +2.9762E-04 0.891 +9.5289E-05
0.102 +2.9177E-04 1.000 +9.8092E-05
0.079 +2.8775E-04 1.087 +6.6992E-05
0.040 +3.1759E-04 1.236 +5.8762E-05
0.009 +3.1665E-04 1.414 +4.0969E-05
0.002 +2.9362E-04 1.596 +4.9739E-05
0.024 +2.8215E-04 1.920 +4.3997E-05
0.044 +3.2545E-04 2.244 +5.9816E-05
0.068 +3.0779E-04 2.552 +2.9954E-05
0.099 +2.9300E-04 3.060 +2.1227E-05
0.124 +3.0512E-04 3.233 +2.1005E-05
0.150 +2.6220E-04 3.439 +1.4259E-05
0.177 +2.0719E-04 3.613 +6.7980E-06
0.204 +1.8257E-04 3.838 +6.7684E-06
0.229 +1.6951E-04 3.621 +2.0349E-05
0.248 +1.4423E-04 3.304 +2.2339E-05
0.283 +1.2663E-04 2.998 +2.2179E-05
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(CsH2 continued) 3.621 +8.9308E-05

2.684 +3.5809E-05 3.304 +7.7281E-05
2.347 +3.4808E-05 2.998 +9.8164E-05
2.026 +4.5128E-05 2.684 +1.0041E-04
1.713 +4.5445E-05 2.347 +1.1078E-04
1.396 +5.0583E-05 2.026 +1.1418E-04
1.084 +7.6365E-05 1.713 +1.5046E-04
0.838 +1.0614E-04 1.396 +1.6606E~04
0.738 +1.5495E-04 1.084 +2.3580E-04
0.650 +1.6589E-04 0.838 +3.9900E-04
0.563 +1.8038E-04 0.738 +4.9073E~-04
0.517 +1.9231E-04 0.650 +6.0224E-04
0.476 +1.8921E-04 0.563 +8.1632E-04
0.430 +1.7221E-04 0.517 +9.5199E-04
0.476 +1.0740E-03

Mass 39 - C;H; (propargyl). 0.430 +1.0933E-03

Calibration factor 0.49

Source: 122383.1S0 Mass 40(a) - C;H, — propyne and

propadiene.

Z(cm) Mole fraction Calibration factor 1.28
0.035 +3.5509E-05 Source: 122383.1S50
0.081 +4.4362E-05

0.113 +1.0645E-04 Z(cm) Mole fraction
0.135 +1.1874E-04 0.035 +6.3394E-04
0.177 +2.9308E-04 0.081 +7.6178E-04
0.200 +2.7808E-04 0.113 +8.1214E-04
0.231 +4.9180E-04 0.135 +9.5865E-04
0.262 +5.1483E-04 0.177 +9.0419E-04
0.294 +6.8165E-04 0.200 +8.6443E-04
0.337 +9.9274E-04 0.231 +9.6632E-04
0.383 +9.9197E-04 0.262 +9.1152E-04
0.427 +1.0231E-03 0.294 +8.1617E-04
0.456 +9.0430E-04 0.337 +5.9188E-04
0.488 +9.5842E-04 0.383 +4.7004E-04
0.527 +8.3386E-04 0.427 +4.3556E-04
0.568 +7.7904E-04 0.456 +3.8755E-04
0.619 +6.9000E-04 0.488 +2.9775E-04
0.666 +6.4343E-04 0.527 +2.6374E-04
0.720 +5.4077E-04 0.568 +2.3365E-04
0.799 +4.4737E-04 0.619 +1.7183E-04
0.891 +3.2994E-04 0.666 +1.8047E-04
1.000 +4.3356E-04 0.720 +1.1694E-04
1.087 +2.1916E-04 0.799 +1.1088E-04
1.236 +2.2349E-04 0.891 +9.1121E-05
1.414 +1.3426E-04 1.000 +7.5038E-05
1.596 +1.7349E-04 1.087 +6.7517E-05
1.920 +1.1295E-04 1.236 +6.4385E-05
2.244 +7.9639E-05 1.414 +5.9360E-05
2.552 +8.4696E-05 1.596 +5.0307E-05
3.060 +1.0053E-04 1.920 +2.9217E-05
3.233 +1.1223E-04 2.244 +5.6602E-05
3.439 +9.4121E-05 2.552 +4.3264E-05
3.613 +9.7055E-05 3.060 +4.3697E-05
3.838 +7.9018E-05 3.233 +6.4161E-05
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(CsH,; continued) 2.638 +3.08B68E-05

3.439 +5.6814E-05 2.381 +4.6045E-05
3.613 +6.0944E~-05 2.126 +2.6410E-05
3.838 +5.6631E-05 1.930 +5.1635E-05
1.749 +4.8888E-05
Mass 41 — HCCO and/or C:H, 1.560 +7.1227E-05
Calibration factor 0.4 1.408 +5.0911E-05
Source: 121284.1S0 1.238 +8.1594E-05
1.044 +7.9118E-05
Z(cm) Mole fraction 0.917 +1.4370E-04
3.830 —9.5033E-06 0.796 +1.7386E-04
3.684 -1.2188E-05 0.696 +1.8864E-04
3.516 +1.4639E-05 0.631 +2.0978E-04
3.332 +5.1533E-06 0.570 +3.0610E-04
3.134 -1.4400E-05 0.524 +3.5792E-04
2.889 +0.0000E+00 0.487 +3.3379E-04
2.638 -2.0265E-05 0.405 +4.6619E-04
2.381 +4.2946E-06 0.348 +4.0056E-04
2.126 +1.8828E-05 0.278 +6.0876E-04
1.930 ~3.9041E-06 0.222 +6.8258E-04
1.749 -9.6939E-06 0.163 +7.2181E-04
1.560 +2.6003E-05 0.118 +6.8842E-04
1.408 +2.7868E-05 0.081 +7.2314E-04
1.238 +7.7311E-06 0.052 +6.9938E-04
1.044 +2.7631E-05 0.010 +6.8408E-04
0.917 -9.4473E-06 0.002 +7.1423E-04
0.796 +0.0000E+00 0.039 +7.2154E-04
0.696 +1.6201E-05
0.631 +2.3726E-05 Mass 44 - CO,.
0.570 +2.4314E-06 Calibration factor 1.180
0.524 +8.1799E-05 Source: 122783.DAT
0.487 +2.4277E-05
0.405 +2.3540E-05 Z(cm) Mole fraction
0.348 +5.3741E-05 3.852 +7.4227E-02
0.278 +3.7320E-05 3.596 +7.3172E-02
0.222 +9.0633E-06 3.350 +7.6094E-02
0.163 +2.8693E-05 3.079 +7.3383E-02
0.118 -3.9143E-06 2.850 +7.4259E-02
0.081 +3.6771E-05 2.595 +7.4680E-02
0.052 +1.6052E-06 2.331 +7.3986E-02
0.010 -2.6080E-06 2.073 +7.7004E-02
0.002 +0.0000E+00 1.879 +7.6003E-02
0.039 +0.0000E+00 1.683 +7.8822E-02
1.474 +8.0822E-02
Mass 42 - CH,CO and/or CzHg 1.309 +8.0559E-02
Calibration factor 0.44 1.127 +8.4544E-02
Source: 121284.1S0 1.003 +8.2644E-02
0.880 +8.4418E-02
Z(cm) Mole fraction 0.797 +8.4474E-02
3.830 +3.2830E-05 0.702 +8.5556E-02
3.684 +2.4107E-05 0.624 +8.4899E-02
3.516 +2.2598E-05 0.547 +8.2580E-02
3.332 +4.4501E-05 0.491 +7.8343E-02
3.134 +3.3512E-05 0.400 +7.7632E-02
2.889 +2.3957E-05 0.353 +7.5854E-02

337



(CO, continued) 1.107 +6.5336E-06

0.286 +7.2169E-02 1.023 +4.4602E-06
0.241 +6.7862E-02 0.925 -7.6888E-07
0.200 +6.2367E-02 0.813 +3.5443E-06
0.156 +6.0252E-02 0.735 +1.2332E-05
0.121 +5.0235E-02 0.635 +1.2287E-05
0.076 +4.5683E-02 0.538 +7.9543E-06
0.043 +4.2218E-02 0.440 +2.1763E-05
0.055 +4.2004E-02 0.357 +1.9365E-05
0.137 +5.1470E-02 0.265 +1.1646E-05
0.239 +6.5155E~-02 0.176 +1.4361E-05
0.333 +7.3721E-02 0.083 +5.6049E-06

0.002 +1.6767E-06
Mass 50 - C4Hz.
Calibration factor 1.52 Mass 52 - C(H, (vinylacetylene)
Source: 112283.DAT Calibration factor 3.9

Source: C4H4.1S0O

Z{cm) Mole fraction
3.846 +2.8941E-03 Z(cm) Mole fraction
3.590 +3.0395E-03 3.846 +1.0300E-05
3.215 +3.2043E-03 3.590 +9.8840E-06
2.830 +3.4316E-03 3.215 +7.0421E-06
2.442 +3.7649E-03 2.830 +6.4332E-06
Z2.123 +4.2493E-03 2.442 +6.,3862E-06
1.869 +4.5487E-03 2.123 +8.9713E-06
1.613 +5.2572E-03 1.869 +8.4524E-06
1.355 +6.2160E-03 1.6123 +8.8676E-06
1.107 +7.3874E-03 1.355 +1.0628E-05
1.023 +7.9491E-03 1.107 +1.5125E-05
0.925 +8.5677E-03 1.023 +1.5747E-05
0.813 +9.0355E-03 0.925 +2.2674E-05
0.735 +9.4559E-03 0.813 +2.8399E-05
0.635 +9.6281E-03 0.735 +3.9988E—-05
0.538 +9.1154E-03 0.635 +4.9350E-05
0.440 +7.6463E-03 0.538 +8.0677E~05
0.357 +5.8007E-03 0.440 +1.3952E-04
0.265 +3.4805E-03 0.357 +1.7470E-04
0.176 +1.6172E-03 0.265 +1.7233E-04
0.083 +6.1450E-04 0.176 +1.1459E~04
0.002 +3.0305E-04 0.083 +6.3316E-05
0.002 +3.4020E-05
Mass 51 - C,H;. 3.846 +8.8144E-06
Calibration factor 1.45 3.590 +9.2286E-06
Source: 112283.1S0 3.215 +8.4425E-06
2.830 +5.9647E-06
Z(cm) Mole fraction 2.442 +5.6686E-06
3.846 +1.1089E-05 2.123 +9.1645E-06
3.590 —-4.7249E-07 1.869 +5.8056E-06
3.215 +4.1539E-06 1.613 +3.7334E-06
2.830 +4.3848E-06 1.355 +1.0193E-05
2.442 -1.5552E-06 1.107 +1.0885E-05
2.123 +1.1841E-05 1.023 +1.3632E-05
1.869 +1.2395E-05 0.925 +2.1216E-05
1.613 +1.7001E-05 0.813 +2.1414E-05
1.355 +1.5559E-05 0.735 +4.2861E-05
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(C4H4 continued) 1.613 +0.0000E+00

0.635 +4.9365E-05 1.355 +4.7816E-07
0.538 +8.9787E-05 1.107 +4.4930E-07
0.440 +1.4720E-04 1.023 -7.2929E-08
0.357 +1.8488E-04 0.925 +1.1185E-06
0.265 +1.7984E-04 0.813 +2.0474E-07
0.176 +1.2152E-04 0.735 -5.0819E-08
0.083 +6.9078E~-05 0.635 +1.5186E-06
0.002 +4.3039E-05 0.538 +6.1948E-06
4.116 +1.3336E-05 0.440 +5.8010E-06
3.850 +1.2995E-05 0.357 +3.4855E-07
3.608 +1.4043E-05 0.265 +1.2047E-06
3.360 +1.3524E-05 0.176 +4.0201E-06
3.002 +9.1808E-06 0.083 +5.2488E-06
2.839 +7.4935E-06 0.002 +6.8730E-07
2.589 +6.2368E-06 1.080 -1.4995E-07
2.341 +8.2750E-06 1.009 +2.7958E-07
2.071 +8.7197E-06 0.917 +0.0000E+00
2.072 +7.1738E-06 0.823 +8.0275E-07
1.813 +7.4282E-06 0.726 +3.4108E-06
1.564 +7.6435E-06 0.646 +2.5946E-06
1.470 +8.7894E-06 0.549 +2.5882E-08
1.365 +1.0646E-05 0.470 +6.0606E-06
1.271 +9.9979E-06 0.388 +8.4915E-06
1.175 +1.0966E-05 0.296 +1.0262E-05
1.080 +1.5787E-05 0.220 +7.0079E-06
1.009 +1.8980E-05 0.141 +9.7720E-06
0.917 +2.5100E-05 0.070 +3.6084E-06
0.823 +3.3889E-05 0.014 +1.4512E-06
0.726 +4.1314E-05 0.085 +3.0835E-06
0.646 +6.8056E-05 0.171 +9.0239E-06
0.549 +9.0933E-05 0.273 +3.3850E-06
0.470 +1.4157E-04
0.388 +1.7037E-04 Mass 54 - CH¢
0.226 +1.6408E-04 (1,3-butadiene).
0.220 +1.1376E-04 Calibration factor 1.21
0.141 +6.7615E-05 Source: CA4H6.ISO
0.070 +3.5058E-05
0.014 +3.0520E-05 Z(cm) Mole fraction
0.085 +5.3466E-05 3.846 +1.4936E-06
0.171 +7.4838E-05 3.590 +0.0000E+00
0.273 +1.7187E-04 3.215 +1.9656E-06
2.830 -5.0130E-07
Mass 53 - C Hs. 2.442 +4.8124E-07
Calibration factor 1.25 2.123 -1.0112E-06
Source: C4H5.1ISO 1.869 —-4.9915E-07
1.613 -5.1283E-07
Z(cm) Mole fraction 1.355 +1.5337E--06
3.846 +7.5410E-08 1.107 +0.0000E+00
3.590 +5.3647E-08 1.023 +5.4361E-07
3.215 +0.0000E+00 0.925 +1.0847E-06
2.830 +1.7557E-07 0.813 +1.8385E-06
2.442 +0.0000E+00 0.735 —6.7738E-07
2.123 +4.6377E-07 0.635 +1.2520E-06
1.869 +0.0000E+00 0.538 +3.9366E-06
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(C4 Hs continued) Mass 63 — CgHj,.

0.440 +3.9286E-06 Calibration factor 1.72
0.357 +2.4733E-05 Source: 010584.1S0
0.265 +3.2327E-05
0.176 +4.8241E-05 Z(cm) Mole fraction
0.083 +4.3362E-05 3.864 +3.0855E-06
0.002 +2.8915E-05 3.486 +5.8223E-06
1.080 +5.3350E-07 3.100 +3.4011E-06
1.0039 +0.0000E+00 2.733 +5.0577E-06
0.917 +0.0000E+00 2.338 +9.6325E-06
0.823 +1.7999E-06 1.973 +7.5952E-06
0.726 +3.0809E-06 1.642 +1.3111E-05
0.646 +4.9692E-07 1.327 +1.1315E-05
0.549 +2.6994E-06 1.069 +1.7693E-05
0.470 +7.0644E-06 0.826 +2.6385E-05
0.388 +2.3653E-05 0.740 +2.T7000E-05
0.296 +2.6501E-05 0.647 +3.7516E--05
0.220 +5.3967E-05 0.554 +4.6742E-05
0.141 +3.6802E-05 0.477 +5.4956E-05
0.070 +2.8087E-05 0.432 +5.2634E-05
0.014 +1.6894E-05 0.383 +4.1424E-05
0.085 +2.8415E-05 0.338 +3.2589E-05
0.171 +3.5940E-05 0.292 +2.2360E-05
0.273 +5.9890E-05 0.252 +1.0198E-05
0.207 +1.9779E-06
Mass 62 - CgH,. 0.168 +9.3352E-07
Calibration factor 1.79 0.112 +8.7357E-07
Source: 010584.DAT 0.079 +7.8555E-07

0.014 -8.7509E-07
Z(cm) Mole fraction

3.864 +1.3015E-06 Mass 64 - CzH,.
3.486 +4.3220E-07 Calibration factor 0.7
3.100 +1.6805E-06 Source: 010584.150
2.733 +2.9296E-06

2.338 +3.8740E-06 Z(cm) Mole fraction
1.973 +3.5263E-06 3.864 -1.5338E-06
1.642 +3.5293E-06 3.486 +4.7312E-06
1.327 +6.8487E-06 3.100 +9.2001E-06
1.069 +5.7735E-06 2.733 +7.8629E-05
0.826 +1.2752E-05 2.338 +1.2985E-05
0.740 +1.7747E-05 1.973 +2.3356E-06
0.647 +1.7535E-05 1.642 +1.8509E-05
0.554 +1.3765E-05 1.327 +1.8452E-05
0.477 +1.1735E-05 1.069 +9.8746E-06
0.432 +1.5587E-05 0.826 +1.6215E-05
0.383 +8.2586E-06 0.740 +1.6610E~05
0.338 +1.0457E-05 0.647 +2.3067E-05
0.292 +1.6182E-06 0.554 +3.6789E-05
0.252 +2.7645E-06 0.477 +4.3598E-05
0.207 +9.7730E-07 0.432 +6.4527E-05
0.168 +4.6126E-07 0.383 +4.4487E-05
0.112 +0.0000E+00 0.338 +4.3658E-05
0.079 +7.9902E-07 0.292 +6.0396E-05
0.014 +7.9680E-07 0.252 +3.9604E-05

0.207 +4.2212E-05
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(CsHy4
0.168
0.112
0.079
0.014

continued)

+9.3074E-06
+8.4674E-06
+1.7257E-05
-4.6374E-06

Mass 65 ~ CgzHs.
Calibration factor 0.7

Source:

Z(cm)
. 864
.486
. 100
.733
.338
.973
.642
. 327
.069
.826
0.740
0.647
0.554
0.477
0.432
0.383
0.338
0.292
0.252
0.207
0.168
0.112
0.079
0.014

©Q et b e = N DN D Y WD

010584.1s0

Mole fraction

+2.3338E-06
+0.0000E+00
-1.7643E-06
+4.7610E-06
+1.2685E-07
+0.0000E+00
-2.6004E-07
+0.0000E+00
+1.7200E-06
+0.0000E+00
+9.7082E-06
+1.5914E-06
+5.2408E-06
+2.0069E-05

+9.7757E-06

+1.6462E-05
+3.5498E-05
+1.6159E-05
+6.9267E-06
+1.4328E-05
+8.7383E-06
+6.8778E-06
+8.9218E-06
+6.4604E-06

Mass 66 — CgsHg.
Calibration factor

Source:

Z(cm)

010584. 180

1.56

Mole fraction

3.864
3.486
3.100
2.733
2.338
1.973
1.642
1.327
1.069
0.826
0.740
0.647
0.554
0.477

+0.0000E+00
+4,9592E-06
+4,8648E-06
+2.2819E-06
-1.3203E-06
+1.6859E-06
+1.6939E-06
+3.3680E-06
+0.0000E+00
+6.3618E-06
+6.7791E-06
+4.9281E-06
+7.7664E-06
+1.7451E-05

(CsHe
0.432
0.383
0.338
0.292
0.252
0.207
0.168
0.112
0.079
0.014

continued)

+8.6982E-06
+2.7425E-05
+2.1309E-05
+4.6633E-05
+3.9797E-05
+2.2069E-05
+4.3182E-05
+2.6797E-05
+2.0558E-05
+2.1171E-05

Mass 74 — CgH,.
Calibration factor 2.5

Source:

112083.180

Z(cm) Mole fraction

3.948
3.787
3.533
3.159
2.794
2.404
2.024
1.763
1.513
1.259
1.048
0.939
0.801
0.703
0.628
0.533
0.439
0.342
0.255
0.164
0.068
0.009
0.059
0.107
0.203
0.298
0.394
0.483

+2.1670E-04
+2.0386E-04
+2.2609E-04
+2.5379E-04
+2.7975E-04
+3.3121E-04
+4.0703E-04
+4.9052E-04
+6.2334E-04
+7.9004E-04
+9.9457E-04
+1.1326E-03
+1.2597E-03
+1.3074E-03
+1.2531E-03
+1.0172E-03
+6.2429E-04
+2.1441E-04
+4.8009E-05
+8.5845E-06
+1.3136E-06
+1.9350E-06
+6.4560E-07
+2.2526E-06
+1.2470E-05
+8.1977E-05
+3.7330E-04
+8.0730E-04

Mass 76 - CgH,.
Calibration factor

Source:

112083. IS0

2.35

Z(cm) Mole fraction

3.948
3.787
3.533
3.159

341

+7.3143E-06
+5.9927E-06
+7.2729E-06
+5.7154E-06



(C¢H4 continued) 1.763 +1.2916E-06

2.794 +3.9382E-06 1.513 +1.7216E-06
2.404 +7.0B96E-06 1.259 +2.4771E-06
2.024 +5.7146E-06 1.048 +1.7630E-06
1.763 +7.7720E-06 0.939 +1.9872E-06
1.513 +7.2138E-06 0.801 +2.2677E-06
1.259 +6.9968E-06 0.703 +4.1648E-06
1.048 +1.1834E-05 0.628 +4.8622E~-06
0.939 +1.5020E-05 0.533 +8.5786E-06
0.801 +1.8342E~-05 0.439 +2.1324E-05
0.703 +2.9837E-05 0.342 +3.5851E-05
0.628 +3.0463E-05 0.255 +3.8470E-05
0.533 +4.1316E-05 0.164 +2.9727E-05
0.439 +5.1256E-05 0.068 +2.1867E-05
0.342 +3.7149E-05 0.009 +1.4264E-05
0.255 +1.7294E-05 0.059 +1.9981E-05
0.164 +5.1764E-06 0.107 +2.3595E-05
0.068 +3.4683E-07 0.203 +3.4665E-05
0.009 +4.4563E-06 0.298 +4.0878E-05
0.059 +1.0290E-06 0.394 +3.5215E-05
0.107 +4.7886E-06 0.483 +1.6884E-05
0.203 +9.159%E-06
0.298 +2.2027E-05 Mass 98 - CgH,.
0.394 +4.3161E-05 Calibration factor 6.7
0.483 +5.0516E-05 Source: 010784.DAT
Mass 77 - CgHs. Z(cm) Mole fraction
Calibration factor 2 3.849 +6.6665E-06
Source: 112083.1S0 3.849 +5.2851E-06
3.750 +5.5189E-06
Z{cm) Mole fraction 3.505 +5.6599E-06
3.948 +0.0000E+00 3.173 +6.3072E-06
3.787 +0.0000E+00 2.794 +9.2229E-06
0.801 +4.3285E-07 2.480 +1.0504E-05
0.703 +2.4544E-07 2.163 +1.1330E-05
0.628 +1.7027E-06 1.854 +1.9771E-05
0.533 +7.6457E-08 1.591 +2.4068E-05
0.439 -5.2110E-07 1.338 +3.4337E-05
0.342 +4.0800E-07 1.216 +3.9795E-05
0.255 +1.3855E-06 1.137 +4.8178E-05
0.164 +1.5883E-06 1.035 +4.6208E-05
0.941 +6.2905E-05
Mass 78 - CgH¢ (primarily 0.845 +6.7451E-05
benzene). 0.750 +7.3628E-05
Calibration factor 5.2 0.656 +7.3694E-05
Source: 112083.1S0 0.570 +5.5631E-05
0.467 +2.1234E-05
Z(cm) Mole fraction 0.378 +6.2422E-06
3.948 +7.6624E-06 0.288 +4.2729E-07
3.787 +5.1467E-06 0.181 +0.0000E+00
3.533 +4.0654E-06 0.089 +0.0000E+00
3.159 +2.8494E-06 0.150 +0.0000E+00
2.794 +1.8446E-06 0.249 +0.0000E+00
2.404 +2.6875E-06 0.341 +2,.8485E-06
2.024 +2.1373E-06 0.435 +1.4659E-05

342



(CeH>
0.520
0.631
0.720
0.720
0.805
0.900

continued)

+4.6041E-05
+7.1708E-05
+6.8227E-05
+7.2536E-05
+6.5566E-05
+5.6145E-05

Mass 104 - CgHg¢.
Calibration factor 6.6

Source:

010784.DAT

Z(cm) Mole fraction

3.849
3.849
3.750
3.505
3.173
2.794
2.480
2.163
1.854
1.591
1.338
1.216
1.137
1.035
0.941
0.845
0.750
0.656
0.570
0.467
0.378
0.288
0.181
0.089
0.150
0.249
0.341
0.435
0.520
0.631
0.720
0.720
0.805
0.900

+3.0761E-07
+2.8742E-07
+3.3448E-07
+5.5860E-07
+2.3142E-07
+3.7450E-07
+7.8989E-08
+3.9120E-07
+1.6121E-07
+0.0000E+00
+5.3083E~-07
+1.9329E-07
+0.0000E+00
+1.1441E-07
+5.2450E-07
+0.0000E+00
+3.2963E-07
+5.6673E-07
+1.0343E-06
+1.6906E-06
+3.6210E-06
+3.0364E-06
+1.0429E-06
+2.0769E-07
+2.0609E-07
+1.4355E-06
+3.2130E-06
+2.8345E-06
+1.6813E-06
+1.2566E-06
+7.0493E-07
+7.4946E-07
+8.3457E-07
+0.000CE+09

Mass 122 - Cgonzo
Calibration factor

Source:

010784.DAT

6.6

Z(cm) Mole fraction

3.849
3.849

+6.1519E-07
+5.7484E-07

343
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.750
.505
.173
.794
.480
.163
.854
.591
.338
.216
.137
.035
941
.845
.750
.656
.570
.467
.378
.288
.181
.089
.150
.249
.341
.435
.520
.631
.720
.720
.805
.900

+8.3620E-08
+2.3940E-07
+5.3999E-07
+2.2470E-07
+3.9493E-07
+7.0417E-07
+1.5315E-06
+1.5844E-06
+3.1850E-06
+3.5759E-06
+3.9780E-06
+5.9493E-06
+6.3814E-06
+4.6618E-06
+6.3729E-06
+6.2970E~-06
+3.7236E-06
+2.1132E-06
+4.5263E-07
+0.0000E+00
+0.0000E+00
+0.C000E+00
+0.0000E+00
+0.0000E+00
+0.0000E+00
+0.0000E+00
+3.5306E-06
+5.7446E-06
+5.6393E-06
+5.9958E-06
+7.6501E-06
+3.8937E-06



APPENDIX D.

Smoothed curves of mole fraction data

Curves were drawn through the data points of App. C using direct
graphics input (Koalapad graphics tablet) or cursor input, observed
on the graphics display screen of a computer monitor. These were
smoothed using the algorithms of Savitsky and Golay (1964: and
Steinier et al., 1972), and the whole process was repeated until the
curve was represented satisfactorily, expanding the displayed scale

as necessary.

344



10-36T2°Vv
10-3061" ¥
T0-36ST° ¥
10-4921° ¥
T10-3060" ¥
TO-3ESO° ¥
T0-3STO" ¥
10-39L6° €
T0-3€€6°€
T10-3068"€
10-3€t8° €
T0-3€6L°€
TO-38EL €
T10-36L9°€
T0-39T9°€
10-d18S°€
T0-398%°€
T0-31Z¥°€
TO-39S€°€
T10-326Z°€
10-382Z°€
10-3991°¢
TO-3€0T°€
TO0-3EVO° €
10-3¥86°C
10-3LZ6° 2
T10-30L8° C
10-3918°¢
10-3d6SL°2
T10-320L°C
10-3S¥9°¢
10-348S°'2Z
10-3625°2
10-3SLYy°2
10-312%° ¢
10-389€°2Z
10-381€°2
10-30LZ" 2
10-302Z°2
10-30LT"Z
T10-3611°2
10-3890°¢
10-3910°¢
10-3596°T
10-3p16°T
10-3998°1
10-3L18° 1
T0-3€LL°T
T0-30eL"T
10-3889°1
10-36¥9° 1
T0-3609°1

0D

¥0-3€L6°8
vO-3I8€E¥°6
VO-3LE6°6
€0-38V0°T
€0-3S0T°T
€0-399T1°1
€0-30€Z°T
€0-3962°'T
€0-3%9¢€°T
€0-3€EPY"T
€0-3%0S" T
€0-3S4S° T
€0-30S9°T
€0-30€L°T
€0-3%18°T
€0-3T106°'1T
€0-3886°1
€0-3bL0°C
€0-3eST°2Z
€o-Jzee-e
€0-38LZ°C
€0-397€"¢
€0-36€€°C
€0-30S€° ¢
€0-38YE"C
€0-39¢€€°2
€0-391€°2
€0-3t6Z°'C
€0-3€92°¢
€0-30€2° 2
€0-3€61°Z
€0-3¥ST°2Z
€0-3IT11°¢
€0-3690°¢
€0-3520°2
€0-3086°T
€0-3¥€E6° T
€0-3888° 1
€0-3€¥8°' T
€0-366L°T
€0-d9SL° T
€0-3ETL'T
€0-3€L9°T
€0-32€9° 1
€0-3Z6S° T
€0-37SS°T
€0-3TTS'T
€0-30LY° T
€0-36Z%° 1
€0-3L8e° T
€0-36%€° T
€0-30T€°T

YHIO

v0-38L8°T
v0-3%¥68°1
v0-3L06° T
¥0-3816°T
¥0-3926°Y
v0-3626°1
v0-30€6° T
v0-3926°1
¥0-3026°T
YO-3TT6° T
v0-3L68°1
y0-38L8°1
vO-d6¥8° 1T
¥0-3018°T
vO-3dT9L° T
¥0-320L° T
vOo-3Lee'T
v0-3€9S° T
v0-3b0S° Y
vO-3evb T
VO-3aLeE"T
$0-39¢€€° T
¥C-3682° 1
vO-3SvZ 1
v0o-3zoz°t
¥0-329T°'1
vO-3p21°1
¥0-3060°T
$0-38S0° T
v0-3620°1
¥0-3100° T
SO-3ESL'6
SO-3ETS°6
S0-308Z 6
S0-3I¥S0°6
S0-3E€8°8
S0-3LT9°8
SO-3e0b '8
S0-3061°8
SO-3SL6°L
SO-3LSL L
S0O-316€S°L
SO-3I€Z€"L
SO-3v0T "L
S0-3588°9
S0-3L99°9
SO0-3ZS¥°'9
S0-36€Z°9
S0-32€0°9
S0-30¥8° S
S0-38S9°S
S0-38LY"S

€HZO

T0-32zZ'1
T0-3Lve'1
T0-3€L2°1
T0-300€° 1
10-382€° T
10-3LS€° T
T0-3L8E° T
10-3LT¥° 1
10-368¥%° 1
T0-308% 1
T0-3aSTS°1
TO0-31S8S° T
10-316S°T
T0-3€€9°1
T0-39L9°T
T0-302L° 1
T0-3v9L° T
T0-3808°T
10-30S8°T
T0-3168'T
T0-32€6°1
10-32L6°T
10-31T70°¢
10-3150°¢
10-3680°¢
T0-382T°¢
10-3L91°2
10-3L02°2
10-3LvZ° 2
T10-3882°2
T0-30€€"2Z
10-3€LE° T
T0-3LTV' 2
T10-329v° ¢
10-390S6°2
10-32S8S° ¢
10-36865°2
T0-3€¥9°C
10-3889°2
T10-32€L°2
T0-3IS¢LL°2
10-3518°2
10-39588°2
T10-3268°2
10-3L26°2
T10-3096°C
10-3266°2
10-4T20°€
T0-3ALV0° €
10-32L0°€
10-3v60°€
T0-3v1T '€

CHZO

T0-398¢°T
T0-318€° T
T0-39L€° Y
T0-3TLE"T
T0-399¢€ T
T0-3T9¢€"°1
T0-36S5€° 1
T0-38b€ " T
T10-32v€°1
10-3v€€"T
10-3LZ€° T
T0-36T€°T
T10-321€° T
TO0-3€0€° T
10-3%62°1
10-3082°1
10-3¢9Z°1
10-32S2° 1
T0-3LET'T
10-3222°'Y
T0-3L0Z'T
10-3T16T°'T
T0-39LT°T
T0-309T7° 1
T0-3abbT°'T
T0-3L21°T
T0-30TT°T
T0-3%60° T
T0-34L0° Y
T0-3190°T
10-3S%0° T
10-38Z0° 1
10-3€TO" T
€0-3596°6
¢0-3108°6
ZD-3€€9°6
¢0-31€9%°6
€0-3L8Z°6
¢0-d0TT1°6
¢0-3926°86
Zo-3I0vL'8
70-316¥S°8
¢0-385€°8
¢0-2v¥91°8
20-32L6° L
20-3zZ8L L
C0-3L6S°L
¢0-39Tv L
¢0-dLET L
Z0-38S0° L
70-16L8°9
¢0-3669°9

OCH

v0-3625°8
v0-39€L°8
$0-3S€6°8
v0-3821°6
v0-390€ ' 6
v0-369b° 6
v0-av19°6
¥0-29€L°6
v0-3€€8° 6
v0-3168°6
v0-3T06°6
v0-3958°6
v0-3THL'6
¥0-30S5°6
v0-318Z°6
£0-36€6° 9
v0-39€5°8
v0-3L0T° 8
v0-3€99° L
v0-3022° L
$0-4918°9
vO-ALbY 9
v0-4211°9
$0-3€08°§
¥0-301S°§
vO-3TET"S
¥0-3096 ¥
vO-360L" b
v0-329v " b
vo-3L2Z b
¥0-3520° b
$0-3628°€
v0-36¥9°€
Y0-3SLY €
v0-300¢ '€
v0-39€T"€
v0-3L96°Z
v0-3908°Z
v0-4259°2
v0-3€0S ' Z
v0-389€°Z
$0-30€2°2Z
¥0-3001°Z
v0-3€L6°T
vO-3€v8° 1
v0-36TL" T
v0-3585° T
v0-3vSh° T
v0-312¢° 1
v0-3081" 1
v0-39v0° T
SO-30bT°6

HO

€0-37T€°¢
€0-38LE T
€0-3svv-¢
€0-321S°¢
€0-308S°¢
€0-38v9°2
€0-391L°2
€0-398L°C
€0-3LS98°C
€0-3626°¢
€0-3200°¢
€0-3LL0°€E
€0-3ZST°€
€0-382Z°¢
€0-3€0€ €
€0-35L€E°€
€0-3Iebb €
€0-3L0S'€
€0-4€9S°€
€0-3L09°€
€0-J€EV9 €
€0-30L9°¢€
€0-34T69°'€
€0-3d90L°€
€0-3ILIL €
€0-3¥TL €
€0-30€L"€E
€0-3J9€L" €
€0-ATHL €
€0-3astkL €
€0-30SL°€
€0-49SL°¢E
€0-dT9L°¢€
€0-3¥9L"€
€0-3voL’€
€0-38SL°€
€0-36bL°E
€0-3VeEL €
€0-3ZIL°€
€0-3189°¢
€0-3Tv9° €
€0-326S'€
€0-3LES°€
€0-3dLLY €
€0-dSTVv '€
€0-31S€°€
€0-316Z°€
€0-3IbET '€
€0-36LT €
€0-3¥21°€
€0-3d€LO°E
€0-3220°€

vHO

ejlep UOTIDEL] ©[OW JO S8AAND payjzoowsg

€0-39Zv ¥
€0-318Y "' ¥
€0-3TES" ¥
€0-38LS ¥
€0-3279°¢
€0-3299°'¥
€0-3869° ¥
€0-382L° Y
€0-3SSL°Y
€0-39LL" ¥
€0-326L° ¥
€0-3508" ¥
€0-3218° %
€0-3918' ¥
€0-3818°Y
€0-39T78° ¥
€0-3T1I8' ¥
€0-d4508°' v
€0-3JL6L' Y
€0-358L" ¥
€0-32LL' Y
€0-3SSL'Y
€O0-JEEL" Y
€0-3t0L" ¥
€0-30L9° ¥
€0-352Z9° v
€0-3€3S° ¥
€0-396V" ¥
€0-3S6€ ¥
€0-32LT° Y
€0-3921° ¥
€0-37S6°¢€
€0-319L°€
€0-3LSS°€
€0-3LVE" €
€0-3LET €
€0-3€€6°C
€0-38€L°2
€0-38bS° ¢
€0-30LE°2
€0-3c02°2
€0-36€0°¢
€0-3888°1
€0-39bL" T
€0-30T9°Y
€0-3sev' 1
€0-3TLE" T
€0-3TLZ'Y
€0-36LT°T
€0-3€60° Y
€0-3520°1
v0-3195°6

€HD

T0-3062 T
T10-368L2'T
10-3992 "1
10-38S2°T
10-3vvZ 'Y
10-32€2°'T
10-3122°'1
T0-360Z T
T0-3961°T
TO-3€68T°'T
T0-30LT"T
T10-38ST°T
T0-3SHT1°T
TO-HEET'T
T0-3d221°T
10-30T1'T
T0-3860° 1
10-3980° 1
T10-3%L0° T
T0-3190°T
T0-36V0° T
T0-3S€0° 1
10-3€20°1
T0-30T0°T
¢0-3296°'6
20-352%8°'6
¢0-3589°6
¢0-36€S°6
¢0-3V0b°6
20-30LZ "6
¢0-J0ET "6
¢0-3200° 6
¢0-3sL8'8
¢0-3chL 8
20-3579°8
¢0-3S8v ‘9
Z0-30S€ '8
¢0-d812°8
¢0-3260°8
¢0-36S6° L
20-3%€e8° L
20-3TTL L
20-398S° L
€0-3aSLy L
¢0-dS9¢€ "L
¢0-dZST L
CO-3EPT L
20-3d8€0°L
¢0-3S26°9
¢0-3L08°'9
20-3€0L°9
20-3€85°9

ZH

'd XIAN3ddv

€0-3S22°'T
€0-39€T° 1
€0-39vZ°' 1
€0-39S2°T
€0-3592° T
€0-3aVLT T
€0-3182°1
€0-3982°1
€0-3682° 1T
€0-3062°1
€0-3682°1
€0-3L8T° T
€0-3avet'1
€0-3082° T
€0-39L2° 1
€0-ATLZ" T
€0-3v92° 1
€0-3952°1
€0-39vZ° 1
€0-32¢2°1
€0-3Ib1C° Y
€0-3d€6T°T
€0-3997°'T
€0-3IEET T
€0-3¥60° 1
€0-318%0°T
¥0-d996°6
vO-3avov° 6
y0-3508°'8
vO-3aT61°80
v0-318S°L
¥0-3€86°9
¥0-300¥°9
Y0-3abea’' s
¥0-3JOT€"S
v0-3019° v
YO-d0SE " ¥
VO-dEV6°€
vO-3bLs e
vO-30v¢°¢
v0-39v6°2
v0-3bL9°C
vO-3L0b° 2
v0-3091°'¢
vO-38€6°T
vO-3ZeL'T
vO-3€ES°T
vO-3avLe'T
vo-3acze't
v0-3¢680° 1T
S0-3659°6
S0-3Z€S°'8

H

20-39TV ' ¥
20-3vev'¥
20-3ZeY' ¥
20-3Tvy ' v
¢O-3ZSY' ¥
¢0-3d19% ' ¥
Z0-30LY ' ¥
20-3LLY "V
¢0-3S8%' ¥
¢0-306Y " ¥
20-396% ' Vv
¢0-d€0S ' ¥
Z0-d01IS' ¥
¢0-381S'Y
¢0-38¢s°¥
¢O0-d8€S"' ¥
¢0-38¥S° v
¢0-36SS'V
¢0-309S ¥
¢0-36LS'V
20-368S'¥
¢0-366S°Y
Z0-3809°' VY
¢0-I919°'¥
¢0-3v29° v
¢0-31€9' %
¢0-30V9°' ¥
20-3159'¥
20-3899° ¥
20-38L9° %
¢0-3S69' ¥
Z0-J€ETL'¥
¢0-3ceL" ¥
70-3JTSL' ¥
¢0-30LL' Y
20-ALBL'Y
¢0-3€08°' b
¢0-3LT8' Y
¢0-30€8°'Y
¢0-3eve'v
20-3vS8' ¥
20-3998 'V
¢0-36L8" Y
¢0-3¢E68° v
¢0-3L06° Y
20-3126° %
¢0-39¢6° ¥
¢0-36V%6 ¥
20-d296°¥
¢0-3TL6° ¥
20-36L6'Y
20-3€96° Y

b\

1s°0
0s°0
6V°0
8v'o
Lv'o
9v'o
sv'o
vv'O
€v'0
tv'o
v'0
ov'o
6E°0
8E’'0
(A0}
9€°'0
S€'o
veE'o
€€°0
Ze'0
1€°0
ot 0
67°0

M <
~883q008
©0oc00000

345



10-3856°'¥
10-3756°'¥
T0-3Isv6° v
T0-38€5° v
T0-30€5° ¥
10-3€26°Y
10-3v16° Vv
T0-3906° ¥
T10-3L68' ¥
10-3L88° %
T10-3LLB" Y
10-3498° v
10-368$98"' ¥
10-38¥8°'¥
TO-3LEB Y
T10-3L28° Y
10-3L18°V
10-3808° ¥
T0-3L6L" %
T0-3aL8L ¥
T0-39LL" Y
10-399L° ¥
T0-3bsL ¥
T10-32%L° ¥
TO-30€eL" V¥
T0-38TIL ¥
T0-dSOL" V¥
10-3269'%
10-38L9°V
T10-3¥99°' ¥
10-3059° %
T0-3¥E9' ¥
T0-30Z9° ¥
T10-3%09° ¥
10-3L8S° ¥
10-369S° ¥
T0-30SS° ¥
T10-4TES" ¥
T10-4T1S'¥
10-d26%° b
T10-3dELY' ¥
T10-3SSY° ¥
T0-38€b° ¥
T0-d1¢Yv° ¥
10-3v0v ' v
T0-3S8€° ¥
10-399¢° ¥
T10-3v¥E" v
T0-31Z€° ¥
T0-3486Z° ¥
T0-3€LZ° ¥
To-3a9ve v

Y0-3IS€9° 1
¥0-3859° 1
v0-3LL9°T
¥0-300L°T
vOo-3aveL' T
vO-d6bL"T
vOo-3a9LL"T
v0-3v08° T
v0-32€8°' T
¥0-3298°1
v0-3€68° T
v0-3526° T
v0-3656"T
¥0-3566° T
v0-3€€0°Z
v0-3vL0°2
¥0-3I8TT°2C
v0-3591°2
vo-3L12°2
vo-3vLez 2
vO-3d9€€° T
v0-300F " Z
¥0-389%°2
vO-36€S°2
v0-3€T19°C
v0-3689°2
vo-3JL9L-e
¥0-30588°¢
¥0-39¢6°C
¥0-3920°¢
¥0-38TT°¢€
vO-3ETT '€
YO-32T€°€
v0-3LTV '€
v0-38€5°¢€
¥0-35L9°¢€
¥0-38¢8° ¢
Y0-3666°¢
v0-368T°¥
v0-396¢€ ¥
¥0-3529° ¢
$0-39L8° ¥
vO-32ST°S
vO-assy s
¥0-306L° S
v0-3d0ST°9
YO-2L25°9
v0-4216°9
v0-3€0€E "L
vO-3€0L L
vO-3€TT'8
vO-3ves 8

S0-3S0T° L
SO-3ASTZ L
S0-392¢ "L
S0-d6€H°L
S0-dSSS° L
SO-I€L9 L
SO-3€08° L
SO-3Zv6°L
S0-3T180°'8
SO-idLeZC 8
S0O-3T8E "8
SO-d8ES°8
S0-3869° 8
SO-37198°'8
S0-3220°6
SO-d8LT 6
SO-3ATYE"6
S0-3805°6
S0-3SL9°6
SO-3¥S8 6
v0-3v00° 1
v0-4€20°1
vO-3€V0° T
¥0-3¥30°T
vO-3ve0° T
¥0-3901°1
vO-30ET" T
vO-3bST T
¥0-308T°T
¥0-390Z°T
vO-deee' 1
¥0-309¢°1
v0-3682° 1
v0o-38T€" T
vO-38bE" T
¥0-d08€ " ¥
vO-HETV ' 1
yO-3aSvy' 1
vO-316LY' 1
vOo-321S° Y
v0-3SHbS' T
v0-36LS° T
v0-3219°T
$0-4Sv9° 1
vO-3LL9° T
v0-380L° T
vO-dLeL T
YO-4S9L° T
vo-d76L° 1
Y0-34ST18° 1
¥0-48€8° 1
v0-36S8°1

Z0-39LS° L
€0-3909°L
€0-3L€E9°L
20-3ITL9° L
¢o-3avoL- L
¢0-36€EL" L
20-3vLL L
Z0-3608"L
Z0-4vv8° L
20-3188° L
¢0-3126°L
¢0-d¢96°L
¢0-3S00°8
¢0-4750°8
¢0-3860°8
¢0-38v1°'8
¢0-3J00Z "8
¢0-3zst'8
Z0-380€°8
¢0-399¢°8
70-349Zv "8
¢0-3.8Y°8
Z0-308s°8
¢0-3I¥T19°8
¢0-3089°8
Z0-3d9%L° 8
¢0-3de18°8
¢0-31088°'8
¢0-36¥%6°8
¢0-36T10°6
20-3260°6
€0-4991°6
¢0-3Zv¥Z°6
¢0-3bee’6
¢0-30T¥°6
20-3205°6
Z0-3T109°6
¢0-3IY0L" 6
¢0-3€18°6
¢0-39926°'6
10-3500°1
10-3L10° 1
T0-30€0° T
10-3%¥0° 1
T0-36S0°1
10-35L0°1
10-3€60° 1
T0-3T111°1
TO-3ATET" T
TO-3€ST' T
T0-d49LT° 1
T0-3861°1

T0-3s¥2°1
10-38%2°1
T0-318¢°T
10-3¥S2°1
T0-3L82°1
T0-3092°1
10-3€92°'T
T0-3992°'1
T0-30LZ" Y
T0-3I€LT T
T0-39L2°1
10-3082°1
T0-3€82°'1
10-3982°1
10-3062°T
T0-3t62°1
T0-3L62°1
10-300€°T
T0-3v0E" T
T0-380€° T
T10-321€° 1
TO-3ILTE"T
T0-3T12€°1
10-39Z¢°1
TO-JOEE"T
TO-3GEE"T
TO-30VE" Y
TO-3SvE"T
TO-30S€E°T
10-39S8€°1
T0-3T19€°1
T0-399¢°1
TO-3TLE"T
10-3LLe" ¥
10-328€° 1
TO-3L8E° T
TO-3E6E°T
T0-366€°1
T0-3b0%° 1
10-3800%° 1
10-321%°' 1
10-3viv° 1
10-3STH° 1
T10-3SIv°1
TO-3b1v° 1
T0-3Z1%° 1
10-360%°T
10-390%° 1
T0-3E0V° T
10-366€°1
10-3S6€°1
10-376€°1

vo-3eLL €
v0-3508°¢€
Y0-39¢€8°¢€
¥0-3898°¢
¥0-34€06°€
v0-30v6 "€
vO-36L6°€
y0-3810°' ¥
¥0-36S0°' Y
v0-3101° ¥
vO-3vPT b
v0-3681° V¥
vO-3aveEZ ' v
$0-308Z 'Y
vo-3Lee' v
vO-19LE° ¥
v0-39Z% ¥
FO-ALLY 'Y
vO-30€S° ¥
vO-3aves v
vO-3ITv9° ¥
vOo-3JzZoL v
vOo-3L9L° Y
vO-3aves v
v0-3€06° ¥
v0-3vL6° ¥
v0-39¥0°S
¥0-381T°S
v0O-4061°S
v0-3292°S
vO-dS€E’S
v0-360%°S
vOo-3€8Y 'S
v0-309S°S
vO-16€9°S
vOo-3aveL-s
v0-4s18°S
vo-3avie-s
¥0-31L20°9
v0-32S1°'9
v0-3882°9
vO-avev ' 9
¥0-1885°9
bO-32SL°9
v0-3SZ6°9
v0-3L0T "L
vO-3aL6Z°L
vO-3dZ6%° L
v0-3€69° L
v0O-3668° L
v0-3d01T1°'8
vOo-4a1Ze '8

€0-3L92'T
€0-3€LT'T
€0-4082° T
€0-3982°1
€0-3€62°T
€0-366C°1
€0-3S0E° T
€0-3ETE"T
€0-361€°T
€0-3L2E° T
€0-3vEE"'T
€0-ATHPE'T
€0-31S€°'T
€0-36S€°T
€0-369€'1
€0-308¢€°'1
£0-306€ T
€0-3Z0%° T
€0-dETH' T
€0-3vZY' 1
€0-39€H ' T
€0-39%V "1
€0-36S¥°'T
€0-30LYV'T
€0-38b' 1
€0-3s6b° 1
€0-380G°T
€0-3529°1
€0-309pS°' 1
€0-389S°T
€0-3LLS° T
€0-396S°1
€0-3819°T
€0-36€9°1
€0-3299°1
€0-3S89° 7
€0-3L0L'T
€0-3CeL’T
€0-3ESL' Y
€0-3I8LLT
€0-386L° 1
€0-3028°'1
€0-3qLV8° 1
€0-3LL8°T
€0-3016°1
€0-3806°1
€0-3886"1
€0-35€0°2
€0-3¥80°Z
€0-d8€T"C
€0-d161°2
€0-36vZ ¢

€0-d%10°2
€0-d1%0°2C
£0-3690°C
€0-3660°¢
€0-dTET"C
€0-4991°¢C
€0-3€0¢°¢
€0-41vZ°¢C
€0-3082°¢
€0-38T€°C
€0-3LS5€°C
€0-3186€°Z
€0-38€V°C
€0-3I8LY " T
€0-ILT5°C
€0-4¥55°2
€0-3T165°2
€0-3629°2
€0-3859°'C
€0-3269°¢
€0-3182L°2
€0-3L9L°2
€0-3008°C
€0-3068°'2
€0-3€68°2
€0-319¢€6°2
€0-3286°C
€0-3920°'¢
€0-32L0°¢€
€0-361T°€
€0-3591°¢
€0-32T2°'€
€0-38G2°'¢
€0-480€ "€
€0-3LS€E°€
€0-380v €
€0-309b €
€0-3ATIS'€
€0-3595°¢€
€0-39919°¢
€0-1699°¢
€0-3zeL'¢e
€0-3bLL €
€0-3878°¢
€0-3968°'¢
€0-38v6°¢€
€0-39T0'V
€0-3580"' ¥
€0-38ST° ¥
€0-10EC "V
€0-3T0C° ¥
€0-3L9€E° ¥

10-3809° T
TO0-3509'T
T10-3T109°T
T10-386S'T
T0-3S96S°T
T0-3dZ6S°T
T0-388S°T
T0-3S8S°T
10-328S°1
10-36LS°T
T0-394S° T
TO-3€LS° T
T0-30LS"T
T0-3L9S° T
10-3€9S5°1
T10-365S°T
T0-388S°1T
T0-31S8S°T
T0-3L¥S' T
T0-32vS° T
TO-3LES"T
T0-32€S°T
10-3L2S° T
10-322S°1
10-391S'1
T0-3TIS'T
10-3S0S°T
T0-386V° 1
10-3Z6V° T
10-358%° 1
T10-36LY° 1
10-32LYv° Y
10-399v° T
T10-36SV°1
10-32Sv° 1
T0-39v¥° 1
TO-36EV° 1
TO-3ZEV' T
10-3SZv° 1
10-381v°1
T10-30T¥° T
T0-3Z0v° 1
T0-3€6€° T
T0-3¥8E" 1
10-3SLE°T
10-399¢° 1
10-3LS€° T
10-3LbE" 1
T0-3LEE" T
10-39Z€° 1
10-3p1€° 1
T0-3¢0C"1

vO-3LsLs
vO-3d8LL°S
v0-3008° S
v0-3¢e8’s
v0-39v8°S
v0-3698°S
vO-3v68°S
v0-3616°S
v0-3asv6 'S
v0-3¢L6°S
¥0-3200°9
¥0-32€0°'9
¥0-3€90°9
¥0-3660°9
v0-3L€ET"9
v0-3081°9
v0-302¢Z°9
v0-31552°9
¥0-300€ 9
¥0-38G€°9
vOo-31€v 9
v0-3815°9
¥0-3919°'9
v0-3S€L°9
$v0-3598°9
¥0-3800° L
YO-3SST L
¥0-3v0E "L
vO-3aSLYy 'L
v0-3559° L
vO-3asve ‘L
v0-3sv0°'8
v0-3052°8
v0-399% '8
v0-31189°8
¥0-3206°8
VO-d1€T°6
VO-3LSE°6
v0-326S5°6
v0-35¢€8°6
€0-3800°1
€0-32€0°' T
€0-39S0° 1
€0-36L0°T
€0-30017°1
€0-d121°1
€0-36€T°T
€0-39S1°T
€0-3TLT T
€0-3987° 1
€0-3002°1
€0-3€TZ" 1

( penutjuoy -q

20-3AL8T'V
Z0-388T°' ¥
70-3681'¥
20-368T°' ¥
20-3T61°'Y
Z0-3cet v
¢O0-3v6T ¥
¢0-3561°'v
¢0-dL6T' V¥
¢0-300Z "'V
¢0-3zoz'v
20-3v0Z° ¥
20-390Z v
20-3802 ' ¥
20-301Z°'v
20-3212'%
¢O0-3€TT° v
20-3STZ'Y
20-3LTIT° VY
z0-361C'V
z0-3azee'v
¢0-3veZ' v
o~V
¢0-31€° v
Z0-3SET'V
20-36€T° v
20-3bbT v
20-36V2' ¥
COo-3AbST Y
20-36SZ°' ¥
20-3v9z°'v
Z0-30LZ° Vv
20-3SLT'V
20-318T° v
20-3L8T’'V
¢o0-3vee 'Y
Z0-310€' ¥
¢0-380¢€ 'V
20-3ASTE' ¥
¢0-322¢€' ¥
¢0-362€' ¥
20-3LEE 'V
20-3vveE'v
20-3¢se'v
¢0-309¢°'Y
20-389€° ¥
20-3dSLE" Y
z20-3zec'v
¢0-368¢€" ¥
¢0-3v6E ¥
Z0-3T0V 'V
20-360% 'Y
xypuaddy )

-Nm

.O':O:U\O‘O\S.OOO

NYNO~SOO0
oo

000000000 A~

-~
a5
o

~oo
© @D

0000000000000 000000000C0000000

OO DOOANNLNOONO=NMOINY
sgwsww\bw@ghbbhhhh!\l\QQQQD.QO

346



1G-20Le s
TO~JLLE 'S,
TO-~3ISLE'S
TO-JELE"S
TO~30LE" S
T0~3896°S
T0-359€°S
TO0-3€9E° S,
TO~3J09E * §,
TO-JLSE S,
10-3€9€° S
10-~368kE° S
T0~3SkE"S
TO~30VE S
TQ-3SEE "G,
T0-~30€E" S
10~-3%2€° S
TO-3LIE" S
T0~301IE"S
T0~-3E0L" S,
10~3S62° G
T0-3688Z° S
T0~3182°S
10-3€L2°S
10-399Z° S
10-3282°S
T10-38¥2°S.
T0-38€2°S.
T0-3822'S
T0-35T12°S
10-3102°S.
T0-398T°S,
T0-30LT 'S,
10-3EST S
10-39€T' S
T0-3LTT'S
10-3L60°S.
T10-39L0'S
10-32S0’ S
T0-3TR0O’ S
10-3920°'S
10-3020°'§
10-3dSTO' S
10-3010°S
10-3500°'%
10-3666"b
T10-3%66" v
10-3686 "%
10-3€86 %
T10-34L6° ¥
10-31L6° ¥
10-3¥96° ¥

SO-11vo v
SO~ATHQ" W
S0-39%T" &
SO~I¥ST W
SO~3Z299" W
SO-IELY W
SO~3689."
SO-3STL W
SO~3088" &
S0~3266 " ¥
SO~ATHT S
90~3262° S,
S0- 399 S,
S0~3229° S
SO~ 39647,
SO~3I6LE™ D
SO~A9LT * %
SO~ ISHE,"Y
SO-I86S" Y
SO~3IL18/ 9.
SO-3ISVO" 4.
90-3982° L
SO~3AZYS' L
S0-~3608" &
S0-3280° 8
SO~ JALES 8
SO-3ITLY &
SO-3%L6° 9
SO~ 38LZY 6.
S0~3209.° 6.
90~3€96." 6
bO-3€LO" T
BO-3S40° T
2O-38TI° T
$0-3291° T
®0~380Z° T
#0-3482' 1
®0-3JQTE" T
¥O-3TLE T
20-3€28° T
¥0-38€R°' T
%0-3¥St' T
20-30LL" T
20-3968%.' T
®0-320S° T
®0-361S° T
®0-3IPES T
$0-3J0SS" T
$0-399S° 1
$0-328S° 1
v0-386S9° 1
¥0-34919°'1

SO-40¢e

SO~3eau’
SOr38iTL’
SO-I98L’
SO-39bL
SO-32Ler
SO~ 3v08
SO-J6EY
SO-3488,°
SO-3IvE6
SO~ 3686
SO~ 380"

SO~ 20T

MANNNNNNNNNN

€

SO~3¥8T° €
SOr 00T €

SO-3942
SO~JEEL

€
‘€

S0-396€° €.

S0~ 3€e9%
S0~3LES)
SO~IL1S
SO~3L69.
SO~ 08
S0-3298,

‘€
'€
i
‘€
'€
‘€

SO~3LV6’ &

SO~-3680
SO~ATHT
SO~364¢
SO~ 3h9e,
SO~31v8h
SO~3509
SO~I9¢ L
S0~-3€59
S0~3986a
SO-38LT
SO-3k82
SO-3Yv8b

SO-39Yv9°
SO-3JeLs’

SO-3201

SO-3botr:

S0-3ezZ

SO-3e8z”
SO-318¢€°
SO-d€zZH”

SO-186%,

SO-3695"

SO-31v¥9

SO- avees
SO-3918°
SO-3L£06"
S0-3v00°

2
R 2
W
2
"
7
‘B
.2
i
'S,
'S
'S
S
S
-9
9
‘9
9
9
9
‘g,
9
‘9

Lol - TR

0 doLe 5
Z0r3646,"S,
203686, S,
20rI666) S
20-30T0" ¥
20r-IT20/Y)
¢0-32¢0’ Y
20~ 30’ 9
20r31950" Y
20r 3890 9
20- 3180, 9
¢0~3%60Q° 9
20-3601"9
COr3ELT" 9
20r-38EN"Y
20~3251° 9
20-3991° 9
20-3281° 9
20~386T' 9
20-ALAT D
CO~38€Z" 9
¢0-3882° 9
20r36LT "9
Z20-~3T0E" 9
20~-3SZE° 9
¢Or3d0SE "9
20~-3LL8" 9
20-390%°' 9
20-3LeR° 9
20-3ELD° 9
20-3%18°9
20~ 3¥9S: 9
20-3229'9
20~3069° 9
20-389L 9
20-3998° 9
20-3156" 9
20-3490° L
¢0-369T L
20~-319Z " L
¢0-3S82°L
20-360¢ " L
20-3€€€" L
Z0-3dLSE "L
¢0-308¢ L
20-3€0hk L
20-392%°
¢0~-38bh’
20-3ZLw
20-396%.°
z0-312%"
20-3LYS"

NN

(O-U270L06
C0-rd3¢L’ 6,
C0r AVEL 6
&0r3ghL 6,
QO ILGL" 6
20- 30LL. 6
Z0-3TBL 6,
S0r ASHLS 6,
Z0r 3018 6,
Z0r- 3828/ 6,
20-3T38° 6
Z0r 3648, 6,
20-3MX6," 6,
Z0r-39%6," 6,
2035865 6
TO~3€00 ' T
TO-38Q0" T
T0-3vT0" 1
TO~30Z20" ¥
T0-3420' T
T0-r IYEO" T
TO~ 3080’ T
TO-34%0" T
TO-3IYSO' T
TO~3TO0" T
T0~3890" 1
T0-39.0" 1
T0~-3€80" T
TO-3T6Q" T
TO~3Q0T'T
T0~36QT" T
T10-36TT" T
T0~-362T° 1T
T0~30bLT" 1
TO-JQST" T
T0~-3T9T" T
TO~JELT T
TO~398T° 1
TO~366T"T
T0~30TZ" T
TO-3€TC"' T
I6-39TZ" T
TO-387T2° T
T10-3122° T
T0-3b2z' 1
10-3922'T
T0-3622°'1
T10-31€Z'T
TO-3dveEZ' 1
TO-3LET'T
TO-30bkZ'T
10-3€¥Z° 1

SO-3049 b
S0-3089' &
SO-30S0°S;
SOr3I69R° S
S0-3206.° D
SOrI6LEr Y
SO- 3288 9.
SO-48TH,° 4.
SO- 066, &
SO-38S99°8
SO~ A9VT." 6
90-3G%L 6
tor ITE0" 1
wo-3Z6Q°T
®0~3S9T' T
vor3etZ
20-3¥8C ' T
Or384%e 1
2O-AVIH T
®0-398%.° T
®O-ATIS" T
®O-31¥9.° 1
borIveZes 1
20-3808:" T
20~3868° 1
v0O-3LL6/ T
20~-369Q° T
2O~V
®0-3822 ' T
bO-36T8"° T
bO-3ETh" 2
YO~301ISs" T
$0~3909 ' 7
®O-3S0L:° T
®0-3208°' 7
20-3916, 2
2O-3€€0"€
®0O-36ST°€
20-38682 '€
%0-396¢€ "€
vO-392k° €
20-3bSH '€
®O-318%.° €
»0-48059 '€
H0-4S€S° €
®0-4795° ¢
$0-388S°¢€
vO-3L19°€
YO-dLV9 €
$0-3849°€
¥O-30TL°€
vO-3zvL’'e

tO-40LY 1
€O~ J06H" T
€Or IGLH" T
€0- 32201
€0r38kH° ¥
€0r~3€0%W 1
€0-36TH 1
€0-3e0k "1
60-3896° 1
€0-32LE" 1
€0-388€° 1
€0-36€€° T
€0-30ZL" T
€0-3JUoe' T
€0~ 362" T
€0r30L2° T
€0-3992"
€OrJEVT
€0~-382z"
[0kt 244
€0-3008"
€0-398T"°
€O~ ITLT"
€0-3891"
€0~ 3¥b 1"
€0-JoaT"
€0-39TT"
€0~-3TOTS
€0-3980,' T
€0-3TLO’ T
€0-~3090, T
€0-3950' T
€0~3090) ¥
€0r36LO’ T
€0-AT60"' T
€0-3211° T
€0-3TET T
€0-3TST" T
€0-36LT"
€0-3161"
€0-3L6T"
€0-3€0Z"
€0-3802"
€0-3IvTC”
€0-30z¢"
€0-392¢°
€0-31€2"
€0-3LET
€0-32vZ-
€0-36VT
€0-399¢"
€0-3192"

=R R R R R R R R Rk ]

VO-4€ly’

wor 818,
w0 3806
©0r-4500°
®0-39QT°
Q- IMTE
vOr- 32
vOr 3REH"
1Or 3I6HS)’

vOr-3UCH.
RO- JTOL™

¥0r3916y

€0r 300"
€0- LTy
€0-3080"
€0- 320"
€0~ 3990
€O ATLO"

€0-3980°
€0r320T°
€0-38TT"
€0rIGETL "

€0r 2SN

€0-369T "
€0-3881T"
€0~ 3402
€O-3qE¢T"
€0~328Z°
€0-36LT"
€0-380€°

€0~ 30t -
€O~ 3hLe

€O-rITTR"
€0-ITSh”
€0~ 326%.°
€0-3ees’
[Yolak: § TATY
€C-3T2H9"
€0-3189°
€0~-36€L°
€0-3L8L”
€0-394L"
€0~396L"
€0-3918~
€0-35€8°
€0-3958°
€0-39L8°
€0-3L68°
€0-3616"
€0-31v6°
€0-3996°
€0-3686°

g
&
8
mv
6,
6
G,
6
6,
6
6
&
1
T
T
T
T
T
2
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
L
T
T
¥
L
T
T
T
T

el e e e e

TO-48€Y ' T
TOr38E88" T
TOr-3AL8" T
TOr I9EWH T
TO-3868" T
10- 368" T
10-32€8" T
TO-ITES T
TQ-3088 T
T0-36826 T
10-3928 1
TQ-INTH 1
TQ-3T28" T
T0~38T8" 1
T0-3SNe" T
10-32T8" T
T0- 3608 1
10~3908™ T
10-3T08." T
TO~JL6L T,
T10~3264° T
1Q-3u64° T
T0-328L°T
TOr3I9LL™T
TO~304L" T
T0-38L° T

TO~38SL" T

TO~3TSL' T
TO-3ASkL 1
TO~39€4° T
TOo-3Ates 1
T0-3v2L4°T
TO~ISTL' T
TO~3904" T
T0~3469 T
T0~3989' 1
TO~38¢49" T
T0~-3¥99" T
T0~3299° T
T10-32%9° T
TO~36€9" T
TO~JLEY' T
10~-3vE9" T
T10~32€9' T
TO~3629 T
T0-3£29°' T
10-3¥29° ¥
TO-3229' T
TO-3609' T
T0-3919' T
TO-3BT9' 1

TO-ATTI9 T HQ-ALEL S

vO-35GL° b
RQ-I9SL W
YOI
bO~I2AL
O IT/L W
O-3G8L W
HO- k6L
©or 3908 W
hQ-3ISTE; Wy
o~ IRTY W
®0- 30864
.Z0)a U4 7} g
h0rJ0SH:" B
©O- 36568 W
20~ 3899 W
203646 &
hOr3688" &
©or- 3668 &
®Q~3076, &
20r 3826 &
®0r3¥E6" W
®O-3LV6, W
©0-3096," &
vO- 3946, B
20-3T66) B,
®0-3800)"S,

©Q-3920y S,

%0~ 3I6X0Q"S,
%0~39LQ° S,
®0~3601° S,
8O~ 3941 " S,
®0-328Y°S
®O-3412°S.
%0-3092"S
20~3T62° G
©0-32€€° S
©O-318€° S
®0~-39€h° S,
O~ 3aV6h," S
bO-ALBA" S
®0-319S°S
®0-394S° S,
®0-3068" S,
®O-1%vQ9' S,
20-3619°S,
®O-3¥€9° S,
0~ 3059 S,
©0-3999° S
k0-3289°S,
®0-4669° S
®0~49TL"° S

( ponujjuoy ‘g

¢0-32L0° ¥
20rA%UD W
20r-3bL0) B
20-J9L) W
20-3840 W
203080 W
203280 W
20r-IH80"
20r-3980)" %
20r-3980" &
20r3600) &
20r-3060"
20- V60"
20-~3260" 0
20r3E60
403860
203060 &
20r IR60" W
20--3ILA0" &
20- 3960
203860
20r3960"
203460/
20~3860" W
€0~3001 " W
20~3T0% "W
[Tk (o)) K 7
20-39QT" W
20~30T0 "%
20r397TT B
203221
20r 3681w
20-3SRU"
20~30BT " &
20-3SHT' b
Z0-360T" W
20~3¥ST W
20~368T W
20-399T ' B
20-qTLT B
20-3€4T B
20~3AS¢T
G0-3%NT &
20~38L0" W
20-364L0° W
20~3081" Y
CO~3T8T " B
0~ 3Z9T" &
20~-3€61T" &
20~3v81" W
2O-3SaT ' W
20+396THP )
xjpuaddy )

QY Z

SREEPREERRBEELRRRRRE

L L L L L L L L T I gy g S S PO RO S

90
0°T
Vo't

3477



€0-3Zv0°S
€0-30LL ¥
€0-3v6¥° ¥
€0-39T2° %
€0-3Z¥6°€
€0-3SL9°€
€0-39T%°€
€0-JL9T°€
€0-3926°2
€0-3€69°C
€0-3€ELY° T
€0-3092°¢
€0-3%S0°¢T
€0-349S8°T
€0-3L99°T
€0-3E6%°T
€0-39€€"T
€0-3%61°1
€0-3%90°1
¥0-322S°6
vo-3aves 8
vO-d9LL" L
v0-3¥LO°L
$0-3v8%°9
v0-3v66°S
$0-31LS°S
¥0-3281°S
$0-3v08° ¥
vO-3SEV° Y
v0-3790° ¥
¥0-3689°¢€
vo-311€°€
¥0-3L6°2

ZHYD

T0-3L6€°S
T10-396€°S
10-396€°S
10-396€°S
T10-356¢€°S
10-3v6E"S
10-3€6€°S
10-326¢€°S
10-3T6€°S
10-306¢€ " S
10-388€°S
T10-3L8E°S
10-398€°S
T0-3¥8€°S
10-3Z8€E°S
10-318€°S
T0-36LE°S

¢0-3v9v 'L
70-360V° L
Z0-36¥E "L
20-3S82°L
20-31TIT°L
20-3921°¢L
20-39¢€0°L
€0-32¢€6°9
¢0-3s18° ¢
20-3569°9
20-399S°'9
¢0-3vzZv°9
¢0-3SLZ°9
¢0-3I6T1°9
?0-39S56°S
20-3LBL"S
¢0-d2¢9°'S
¢0-3€ESy°S
¢0-3062Z°S
20-3I8H1°S
Z0-3v10°S
70-3568° Y
20-3I€8L" ¥
20-3ALL9 ¥
20-3v8S° ¥
20-368% 'V
¢0-3d66€E° Y
¢0-3b0E " ¥
20-3IVIT ¥
20-39Z1T° ¥
€0-38Z0° %
Z0-30v6° €
Z0-32S8° €

¢0D

S0-380L°C
SO-3vLL 2
SO-30¥8° ¢
S0-3L06°C
§0-3vL6°C
SO-3Tv0°€
S0-360T°€
SO-3T8T €
SO-3LST "€
SO-dLEE" €
SO-3TZH '€
SO-dS0S° €
SO-3T65°¢E
S0-36L9°€
SO-359L°¢€
S0-31S8°¢€
SO-3JE¥6°€

v0-36SS°S
PO-360L°S
v0-3858°S
¥0-4v00°9
¥o-A9%1°9
¥0-3vse 9
YO-3LTV 9
YO-4dTvS° 9
¥0-3099°9
v0-d1S9L°9
v0O-d4958°9
Y0O-3v€6°9
¥0-3200° L
v0-316S0° L
$0-3e0T "L
YO-3S€T" L
YO-3dLST L
¥0-3891° L
vO-dTLT"L
$0-3991°4
YO-dASST L
PO-dEVT L
YO-3TET L
vO-d0ZT1°L
¥0-380T°L
P0-4860° L
¥0-3980°L
v0-3vL0° L
$0-3190°L
¥0-3Sv0°L
$0-3SZO0° L
¥0-3666°9
$0-3L96°9

(0041w

S0-3T¢6°¢€
S0-39z8°¢€
SO-Id0EL €
S0-19¢9°¢€
SO-3EVS €
§0-3ISv'€
S0-309¢ "€
SO-3ATLT €
SO-3L81° €
SO-3JLOT €
SO-348€0°¢€
S0-3vL6° T
SO-3avie-2
SO-48S8°C
S0-3d018°2
S0-d69L°C
SO-3e€L"T

SO-4L6S°€
SO-3s8b '€
SO-d9%be '€
SO-3S61°€
S0-38ZO'€
S0-32s8° ¢
S0-3¢89°¢
S0-3015°¢
SO-dA9beE" T
SO-3L61°¢
S0-3090°¢
SO-3bZ6° 1
SO-3108° Y
S0-3S89°T
S0-3S9S°'T
S0-30S¥°T
SO-3J9¢e€"T
S0-38T1Z°1
S0-380T° T
90-3€66°6
90-3898°8
90-3T6L L
90-3TZ. 9
90-325y%°S
90-306S ¥
90-39LS5°€
90-3C65° T
S0-dLbL" T
90-3620°T
LO-3626°V
LO-ALLE'T
L0-329T°1
80-3€86° Y

OJ3H

Z0-3820°9
¢0-3T10°9
20-d€66°S
20-548L6°S
€0-3996°S
0-3LS6°S
¢0-31S6°S
¢0-39%6 'S
20-32%6°S
Z0-30v6°S
¢0-3d6€6°S
T0-3ATv6°S
20-315¥6°S
€0-3056°S
20-3986°S
¢0-3€96°S
¢0-3dTL6°S

v0-3LY6°9
vO-3d8€¥° L
vO-3L06°L
¥0-3SZ¢€°8
v0-3789°'8
¥0-36L6°8
v0-d492Z°6
vOo-38C¥v 6
¥0-3109°6
v0-39ZL°6
v0-3618°6
¥0-30L8°6
¥0-3588°6
v0-3L58°6
v0-3S8L"6
¥0-30L9°6
$0-3CTIS 6
vO-3ISTE"6
¥0-3€80°6
v0-3sZ8° 8
vo-31¥s-8
v0-3IEST°8
v0-3696°L
v0-3889°L
vO-3STv°L
¥0-309T1°L
vO-3IST6°9Y
v0-3989°9
vO-3LLY°9
v0-3982°9
vO-3aVv11°9
v0-3196°S
¥0-3808°S

YHED

¢0-3TLS°6
¢0-318S°6
€0-306S°6
20-366S°6
20-3L09°6
¢0-31ST19°6
¢0-3¥Z9°6
¢0-32€9°6
¢0-30v¥9°6
¢0-36¥9°6
£0-38S9°6
2¢0-3999°6
¢0-3vL9°6
0-3€89°6
20-3769°6
¢0-JTOL" 6
¢0-3JTTL°6

"v0-3v98°8

vo-3atee-8
VO-3dLLS L
¥0-3SL6°9
YO-39€¥ 9
v0-48v6°S
vO-3ILTS"S
¥0-3580°S
v0-3L89° b
vo-3d9LT v
¥0-di88°¢€
v0-381S5°¢€
vO-3LST €
v0-3828°¢
v0-3€0S° 2
vo-3s61°¢
¥0-3926° 1
vO-3TL9°T
vO-39%¥° T
vo-3I€zz'1
$0-3€T0° 1
SO-3J€TE"8
S0-392L°9
S0-320s°S
S0-398S°'¥
SO-36L6°€
S0-3%69°€
§0-3d8SS°€
S0-3€SS°€
S0-39Z% €
SO-3Z1E°¢€
SO-3aveZe e
S0-3J9€T°E

€HED

S0-3€0Z°'1
S0-390¢° T
SO-3L0%°T
SO-3Z1S° T
S0-3629°T1
SO-3bsSL' ¥
§0-3€68° 1
S0-3050°¢
S0-3agze-
SO-391%°2
SO0-31€9°¢
§0-3868°2
S0-3601 "€
SO-3Z6E "€
S0-3S69°¢
SO-3010° ¥
SO-3a8EE "V

S0-3LL6'8
SO0-3SL6°L
S0-3LSO° L
SO-JLEZ 9
S0-3IPTIS°S
S0-3€58' ¥
§0-31092 ' ¥
SO-30SL' €
§0-380€°€
§0-3226°¢
S0-38LS°T
S0-3dLLe't
S0-31€00°C
SO-devL'1
S0-390S°'T
S0-386T°'T
S0-3280°T
90-3€90°6
90-d8LY 'L
90-30€0°9
90-3TVL 'V
90-3¢8S '€
90-36LS°T
90-38LL" T
90-36€T°'T
LO-3ASLS'9
L0-3609° €
LO-3ZTL'T
80-3Z9b° L
80-3L8€E" ¥
80-3sveE" T
80-366€°'T
60-3298°S

CHED

€0-dSLL"T
€O0-3absL T
€0-3s€L°T
€0-3d8TL" T
€0-3zZoL°t
€0-3989° 1
€0-3699°'1
€0-3269°1
€0-3S€9° T
€0-3L19°
€0-3109°
€0-358S"
€0-369S°
€0-3£SS°
€0-3LeS”
€0-3T125° 7
€0-3S0S° 1

et rd e

S0-3I2v9°6
v0-3¥20°T
v0-3S80°'T
vo-38v1°1
v0-3€TC°T
v0-3veZ "1
vO-d79€° T
vO-3EbV° 1
v0O-32€S° T
¥0-3¥Z9° 1
¥O-381L° 1
v0-3s168° ¥
v0-3ST6°'T
¥0-3120°¢C
¥O-dC€T°T
v0-30SsZ° ¢
vo-3zLe- ¢
vo-dsev -z
v0-3€T19°C
vo-3ozL ¢
v0-3Z18°2
¥0-3068°2
v0-3¥S6°C
¥0-3800°¢€
v0-31950°€
vO-3T0T°¢€
vo-3vb1 €
v0-3T8T°€
VO-ds61°€
VO-3L8T°€
VO-3SET°€
v0-3266°¢C
v0-30z8°C

ZOH

¥0-36SS°L
¥0-3919°L
$0-3d42L9° L
vO-d0€EL" L
vo-deeL L
v0-3968° L
vO-idvZ6 L
vO-3¥66 " L
v0-34590°8
vO-3d8€T 8
vO-d€1Z°8
v0-3d682 '8
vOo-3L9¢c 8
vO-16bb°8
VvO-3dS€S°8
v0-31529°8
vo-d0ZL' 8

T0-361T'T
TO-dLLT'T
T0-39€2°T
10-3962° T
T0-3LsE"T
T0-3LTY" T
T0-36LY° T
T0-3THS°T
10-3109°'T
T0-3€99°1
10-35ZL° 1
T0-3L8L°T
T0-36%8° T
T0-37T6° T
10-30L6°T
T10-3820°2
10-3580°2
10-30bT°C
10-3€6T°Z
T10-39%Z°C
T0-300€°2
T0-3bsE"2Z
TO~30T¥°C
10-389%°C
T10-3€2S°C
T10-318S°¢C
10-38€9°C
10-3569°C
T10-30SL°Z
10-3508°2
10-3¥98°¢
10-3616°C
10-3086°C

20

10-38€8° 1
10-36€8°'1
TO0-36€8° T
10-30v8° 1
10-3q0¢v8" 1
10-31v8°1
10-31v8° 1
T0-3Tv8° 1
10-3Tv8" T
10-319¥8° T
T0-31%8° T
T10-31¥8°'T
10-31v8° T
10-30v8° 1
T0-30v8° 1
T10-36€8° T
T0-36€8°T

v0o-3€6S°'2
vOo-3apvsL ¢
¥0-3S526° ¢
Y0-390T1°'€
v0-3€0€ "€
vo-3aL1S '€
vOo-d9vL° €
v0-3T66°€
v0-3962' ¥
vOo-3d0vsS v
vO-39v8°' ¥
v0o-3zLTS
¥0-360s°S
v0-38Y¥8°S
v0-3€6T1°'9
v0-36€S°'9
¥0-4088°9
v0-3a8tZ 'L
vO-3svs L
v0-36S8° L
vO-3JEST'8
vo-3dzZv'8
¥0-3959°'86
$0-37S8°8
¥0-3%10°6
¥0-3a9vT°6
¥0-3vstT 6
¥0-36V€°6
v0O-d92%°6
VO-3L6%°6
¥0-395S°6
¥0-496S°6
v0-3LZ9°6

0DZH

vo-3ave9°' v
vO-3TVv9° v
v0-38V9°'v
v0-34559° v
v0-3199° %
v0-3899° ¥
v0-35L9°V
v0-3189°' ¢
v0-3869°V
v0-3569°' v
¥O-310L°¥
v0-380L " ¥
bO-3ASTL ¥
vo-3zZL'v
vO-d0€L" ¥
bO-38€L" ¥
vOo-aLvi' Y

{ penujjucy 'q

§0-3956°S
§0-3206°S
SO-3¢€8°S
SO-30SL"S
§0-3159°S
SO-3ATHS'S
SO-362%°S
S0-3J90¢€°S
SO-3vLT'S
SO-16€0°S
S0-3688° Vv
SO-38ZL ¥
SO-109S°¥
SO-368¢€" ¥
SO-3ZIZ' VY
SO-3LY0" ¥
S0-3L88°€
SO-3tZL‘e
§0-329S°€
SO-dZOv "€
SO-3SET°€
S0-36L0°€
S0-3926°C
50-369L° 2
€0-3729°2
SO-308%° ¢
SO-IEEE'T
S0-3S61°C
§0-3650°2
S0-30€6°1
S0-3€6L° T
S0-3L99°T
S0-3EZS° 1

ODH

¢0-3LEO" Y
20-30v0°' ¥
¢O-AEVY0' ¥
20-3S¥0' ¥
20-3LYO' ¥
20-36V0°' V¥
20-31S0°¥
70-3€S0°' v
¢0-38S0'Y
Z0-3LS0°Y
¢0-36S0'¥
20-3190'Vv
¢0-3€90°' ¥
¢0-3ap90° v
20-3990°'¥%
Z0-2890°'%
20-30L0' ¥
xypuaddy )

(408 ]

ot'o

[}
(=}

nownownwow -
mgoghmog_ NSOO
mOOOHOMOm

n
28
Mo

(o] AN
S€°€
Ot "€
Sl'€
oz'¢
S1'€
[0} B

348



€0-3v66°8
€0-3e¥0°6
€0-3060°6
€0-3I8ET"6
€0-388T°6
€0-3SET"6
€0-3282°6
€0-JEEE"6
€0-318E "6
€0-362¥°6
€0-39L%°6
€0-322S°6
€0-3995°6
€0-3019°6
€0-3%S9°6
€0-3069°6
€0-32ZL°6
€0-39PL°6
€0-309L°6
€0-3%9L°6
€0-309L° 6
€0-36¥L°6
€0-JTEL"6
€0-3L0L° 6
€0-38L9°6
€0-3L€9°6
€0-3L8S°6
€0-3€ZS°6
€0-38b%°6
€0-399¢€°6
€0-3€LZ°6
€0-389T°6
€0-3¥S0°6
€0-36%6°8
€0-3T6L°8
€0-36€9°'8
€0-3Z8%°8
€0-3b1E"8
€0-31¥vT"8
€0-3996° L
€0-398L" L
€0-3009° L
€0-360%° L
€0-360Z° L
€0-3566°9
€0-3ZLL"9
€0-3E¥S°9
€0-3L0€°9
€0-3990°'9
€0-3L18°S
€0-3¥9S°S
€0-390¢€°S

20-3€9S°8
20-3LSS°8
¢0-329s°8
20-3995°'8
¢O0-dTLS 8
20-3LLS°8
¢0-3€8S°8
20-d165°8
70-3L65°8
20-3%09°8
¢0-3809°'8
Z0-d€T79°8
¢0-3819°'8
20-3129°8
¢0-3529°8
¢0-34L79°8
¢0-3L79°8
¢0-3579°8
¢0-3L719°8
¢0-390%°8
¢0-306S°8
Z20-3TLS°8
Z0-30SS° 8
?0-392s°'8
¢0-3e0Ss°8
¢0-38LY '8
20-3vsy°8
¢0-38Z¢v'98
Z0-300%°8
¢0-3eLe’8
Z0-3sve"8
¢0-3LTE"8
¢0-3062°8
20-3dz9t"8
20-39¢Z°8
20-380Z '8
Z0-3dZ8eT1°8
¢0-3d9ST°8
(Aol TRARE:"]
20-3%60°8
20-3vS0o°8
¢0-3Z10°8
€0-3d296° L
Z0-3T16°L
20-3658°L
70-3908°L
20-38SL°L
20-30TL°L
70-34799°L
20-3ST19°L
20-3199G° L
¢0-3ALIS L

v0-3€8Y " T
vO-32IS°1
vOo-32¥S°T
Y0-3€LS° T
¥0-3509°1
vO-3L€9° T
y0-3TL9°T
¥0-3S0L°T
Yo-ITYL T
vo-3eLL'1
¥0-3LT8° 1
$0-38S8° T
v0-3106°T
y0-39%6° 1
v0o-3vee " T
Y0-3Z¥0° 2
¥0-3€60°2
¥0-39%1°2
vo-310¢°2
v0-3092°2
vo-30zZe- ¢
vo-3s8€°2
vo-3aesv e
v0-3225°¢
¥0-3965°¢
v0-32L9°2
vO-d1sL°2
v0-32€8°2
vO-3v16°2
Y0-3966°¢
¥0-36LO°€
¥0-3¥91°¢€
¥0-31S2°¢€
YO-I0vE "€
vO-3veEv €
PO-362S°€
¥0-3L29°€
YO-3J0EL" €
¥0-39e€8°¢€
vO-3Sv6° €
¥0-3550° ¥
PO-3L9T° ¥
vo-316LZ° Y
VO-3tet v
vO-1S0S° v
v0-31819° ¢
vo-3zeL v
¥O-3€S8° b
v0-3€86° Vv
vO-381IT1°S
v0-3279Z°S
Y0-301Y°S

SO-39Z8°' 1
SO-3dTS8° T
S0-36L8°T1
S0-3L06°T
SO-35€6°' T
S0-3€96° 1
SO-3€66° T
S0-3€20°2
S0-3%¥50°¢
S0-3980°¢
SO-A8TT" 2
SO-ITST° 2T
SO-3¥81°C
SO-3dLTZ°2
SO-d6¥CT " T
S0-378T "
S0-3STE" T
S0-30s€ "2
S0-3S8E" ¢
SO-3ATZY"C
SO-36S¥%°¢C
SC-3aLey ¢
S0-3L€eS°2
SO-3LLSs°C
S0-38T19°¢
S0-3659°¢
So-3T0L°2¢
So-3abbL T
S0-398L°2Z
S0-3828°¢
S0-3TL8° ¢
SO-3ST6°2
S0-3096°¢
S0-3S00° €
S0-3TS0°¢€
S0-3L60°€
SO-JEVT°¢E
SO0-3061°¢€
SO-35€Z°¢
S0-308Z '€
SOo-3bee’¢
SO-369¢€ "€
SO-3rIv'€
SO-309% "€
SO-3I01S°€
SO-3€95°€
SO-31619°¢€
SO-3TL9°€
SO-3ATTIL €
SO-I8¢L°€
QO-dLTL €
S0-3d¢2L9°¢

SO-37T08° 6
v0-3100°'T
¥0-3d€20°'T
vo-dLv0° T
v0o-3TL0° 1
v0-3860°1
vO-3L2T°T
¥0-3091°'T
v0-396T° Y
v0-39¢€2°1
YO-3LLT X
vO-3TCE"'T
vO-399¢€° T
v0-301%° 1
v0-39S¥v° 1
$0-390S5°T
v0-38SS° 1
$O-3vT9° 1
vO-3dTL9° T
vO-3dTeL"T
vo-3teL'1
vO-3€s8° ¥
$0-3916°T
v0-3286° T
y0-d150°¢
vo-3zTT-T
vO-3v61°2C
v0-3892°¢
v0o-3a1ve°2
¥0-491%° 2
vO-3aTebv-T
v0-369S5°2C
¥0-3259°¢
vo-3zvL'e
vo-3sve ¢
v0-3196°2
¥0-3060°€
v0-30€eZ°¢€
v0-3Z8E '€
v0-3I5vS°€
vo-3viL-e
$0-36888°¢€
v0-3¥90° v
vo-3€vZ v
vOo-3€2v ¥
v0-3L09' ¥
v0-3€08° v
v0-3120°Ss
vOo-3162°S
v0-3829°S
¥0-4120°9
¥0-359%°9

PO-38LE "€
vO-3vLo'v
v0-3SLT ¥
v0-3692 ' ¥
vo-3atLE ¥
vO-3cLy' v
v0-3IS8S ¥
vO-IvoL ¥
vO-3T¢8°' ¥
vO-316¥6° ¥
Y0-3SLO"S
v0-301Z°S
vo-39ve- g
vO-dLLY S
v0-3€29°S
YO-3TLL'S
v0-1€€6°S
¥0-3101°9
v0-3592°9
vOo-3I8€¥°9
¥0-3v09°9
vO-3€8L"9
¥0-3596°9
vO-ITPT "L
v0-39Z¢€ L
vO-q20S° L
¥0-3589°L
¥0-3198°L
¥0-3610'86
¥0-3SLT89
¥0-3ZZe '8
vo-azev-8
v0-32v9°8
v0-3168L°8
vO-3L€6°8
¥0-3SL0°6
v0-36TZ°6
v0-395€°6
vOo-36LV°6
¥0-366S°6
¥0-32TL°6
v0-3928°6
v0-3926°6
€0-3200° 1
€0-31T0°1
€0-3020°1
€0-3T€0'1
€0-3L€0° T
€0-39€0°1
€0-3020°'1
v0-3v06° 6
vo-3avbb -6

YO-3TLT T
yo-3102°1
vo-3aveT' T
¥0-3892°1
vO-3v0E" T
vO-3Zve'T
vo-dLLe’ T
vo-avTv' T
vO-31S¥° T
vO-3¢6%° T
vOo-3EES' T
v0-de€LS°T
v0-35T19°1
¥0-3959° 1
v0-3869°1
vo-aLeL'T
vo-3zLL'tT
v0-3v08° 1
v0-3c€8° 1
v0-3868°1
v0-36L8°'1
v0-3968°1
v0-3016° T
v0-32¢26°'T
vO-32€6° T
vO-31v6 " T
vo-38v6°T
vO-3vS6 ' T
¥0-31S6°T
v0-3856° T
¥0-39G56° T
v0-3€S6° T
vO-38¥6°' T
bO-3ZV6° T
v0-35¢€6° T
¥0-39Z6° 1
vOo-dLT16° T
v0-3906°T
v0-3v68° 1
v0-38L8° T
v0-3858° 1
vOo-31€8° T
bvo-386L° T
vo-3d6bL 1
v0-3989°1
vOo-3a119°'1
vo-392s't
YO-30EV ' Y
vo-ds2e° 1
vo-d91Z°'1
v0-3L01° 1
S0-3866°6

00+3000°0
00+3000°0
00+3000° 0
00+3000°0
00+3000°'0
00+3000°0
00+3000°0
00+3000° 0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
00+3000°0
60-37L9°Z-
60-3€89° V-
80-3126°1-
80-3LTS L~
LO-3L8S T~
LO-3LTT C-
80-36VT " ¥-
LO-ALTE"S
90-3909°'T
90-3vZe 't
90-I59¢€°S
90-3TT0°'8
SO-IvOT "' 1
SO-ATEY' T
SO-3aASLL T
S0-3621°2
S0-3205°'¢
S0-3888°2
§0-3982°¢
S0-3889°€
SO-3V¥60° VY
S0-380S5° ¥
SO-3EC6' Y
SO-3169¢€°S
S0-349¢8°S
SO-410€°9
S0O-3508°9
SO-d4S€E "L
S0-3868°L
SO-419v°8
S0-31S0°6

€0-3S0T°8
€0-3TPV '8
€0-3188L°8
€0-3JZET"6
€0-3688YV°6
€0-3258°'6
Z0-3yZ0° T
¢0-3990°1
¢O-dTTI"T
¢0-3091°'T
¢0-3as1Z°1
20o-3zLT°T
70-3dtce"1
Z0-3T6€° T
20-32S¥v' 1
T0-361S° T
€0-3qT6S°T
20-324(9°1
¢0-309L°T
¢0-39S8°'1
0-38S6°Y
Z0-3v90° ¢
T0-3bLT"T
€0-3d882°¢
20-3TTH° T
¢0-3TvS' T
20-3¢89°¢
¢0-3zee'¢
t0-3%66°¢C
¢0-3291°¢
Z0-30bE" €
Z0-3SES°€
20-3€bL €
20-3LS6°€
20-38LT" Y
¢0-39%0bv ' v
¢0-3dTv9°' v
20-3968" v
Z0-31ST°S
20-3ASEV°S
¢0-32vL"S
Z¢0-3080°9
20-38¢v°9
20-3918°'9
20-34802° ¢
¢0-38T9°L
¢0-3250°8
70-3STS°8
¢0-3¢200°6
20-312S°6
10-3900°' T
10-37190°1

S0-32¢e ¢
SO-30T¥v ¢
S0-3105°'¢C
SO-3L6S°C
§0-3669°¢
S0-3808°¢C
§0-3526°C
S0-30S0°' €
SO-3€8T '€
§0-32Z¢'€
SO-dZ9% €
S0-3€09°¢
SO-d9VL"€
S0-36888°€
S0-3dZ€0° ¥
SO-3T8T ¥
SO-3BEE "' ¥
SO-390S° ¥
S0-3v89°' ¥
SO-3IbLe' ¥
SO-3vLO°S
§0-3582°S
S0-3106°S
SO-IALTL"S
§0-3€v6°S
§0-3581°9
SO-3Zsv°9
SO-3q%¥vL'9
S0-32Z90°L
SO-dZT¥ L
SO-3T6L"L
S0-366T°8
S0-30¢€9°8
S0-3%80°6
S0-399S5°6
v0-3L00°T
¥0-3190'1
vOo-3sit 1
PO-3€LT° T
vo-3cee 1
v0-3862° T
v0-3L9¢° 1
v0-3Zvv Y
v0-362S° 1
v0-3LT9°T
vO-39TL°1
v0-3vee" 1
vO-3LE6" T
¥0-3990°¢C
vO-36LT°C
v0-380€° T
vo-asvv T

( penuyuoy 'q

S0-3SLE2
$0-359%° 2
SO-3LSS' T
S0-3T59°2
S0-39L'T
S0-31%8°¢
SO-38€6° T
SO-3SEO'E
§O-JSET"E
SO-IBEZ "€
SO-3SVE '€
S0-3SSh°€
SO-3L9S"€
S