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CHEMICAL FLAME INHIBITION USING MOLECULAR BEAM
MASS SPECTROMETRY

Reaction Rates and Mechanisms in a Methane Flame Inhibited

With 1.1% CF, Br!

by

Joan C. Biordi,2 Charles P. Lazzara, 3 and John F. Papp4

ABSTRACT

The Bureau of Mines used molecular beam-mass spectrometry to determine
the microstructure of a 10.1% CH,-21.2% 0,=67.6% Ar-1.17% CF;Br inhibited flame
and its uninhibited analog, both stabilized at 32 torr on a cooled flat-flame
burner. Composition profiles of atomic, radical, and stable species and tem-
perature profiles for both flames were obtained and compared. Kinetic analyses
of the profiles yielded values for the rate coefficients of several elementary
methane flame reactions and information on the reactions of formation and
decay of the observed halocarbon species. CFyBr is judged to decay by thermal
decomposition as well as by abstraction reactions, and the fluorocarbon chem-
istry occurring in the inhibited flame is due primarily to CF; radical reac-
tions. Rate coefficients and mechanisms for reactions of the inhibitor-related
species are given.

INTRODUCTION

Chemical flame inhibitors are considered to act by interfering with the
normal chemical reaction paths of flame propagation. This Bureau of Mines
report is one of a series that documents an effort to provide the basic flame
data required to understand the mechanisms by which flame inhibitors operate
at the molecular level.

In the preceding papers (4, Z-§)5 we have reported on the general charac-
ter of the microstructure of low-pressure methane flames containing a small
amount of CF,Br and on the detailed kinetics and mechanisms for a flame

1This report is a combined and expanded version of two articles published in
the Journal of Physical Chemistry (12-13).

®Research chemist, Bureau of Mines, Washington, D.C., formerly with Pittsburgh
Mining and Safety Research Center, Bureau of Mines, Bruceton, Pa.

®Research chemist, Pittsburgh Mining and Safety Research Center, Bureau of
Mines, Bruceton, Pa.

“Research physicist, Pittsburgh Mining and Safety Research Center, Bureau of
Mines, Bruceton, Pa.

® Underlined numbers in parentheses refer to items in the list of references
preceding the appendixes.



containing 0.3% CFy;Br in comparison with its uninhibited analog. It was clear
from examination of these flames that the fluorine part of the inhibitor mole-
cule reacts rapidly in the flame, but it was not possible to detect the CF,
radical despite the ability to detect and measure other flame radicals with
mole fractions of 107% to 10°®. It was found that although the H atom concen-
tration was reduced at low temperatures in the inhibited flame relative to the
clean flame, some manifestations of inhibition observed for other chemical
inhibitors, such as HBr (52), were only marginally evident. We therefore
chose to examine the detailed microstructure of a flame containing signifi-
cantly more CF,Br to improve our chances of observing the CF; radical, to look
for more pronounced effects of the inhibitor, and to obtain more data for
clarifying mechanisms in this complex reaction system.

EXPERIMENTAL WORK

Two flames were examined at 0.042 atm: an uninhibited, slightly lean
CH, -0, -Ar flame, and a flame of similar stoichiometry containing initially
1.1% CFy;Br. These quenched, flat flames differ from those studied previously
in initial mass flow rate and, therefore, in burning velocity. A burning
velocity of about 48 cm sec’! for the clean flame was found to give satisfac-
torily stable (for quantitative microstructure determinations) inhibited
flames when the CF;Br was added.

The molecular beam sampling mass spectrometric detection system was the
same as described previously, as were the techniques for radical detection and
measurement (4, 7-8). Only departures from previously described procedures
will be given here.

The formaldehyde profiles, determined at 30 amu, were corrected for G120
The expression used for the correction is LBO(H co) = Lo - ER0AR0) Loy
where (120/'®0) is the ratio of the natural 1sd%op1c abundance of 1280 to 1©0
and I is the measured mass spectral intensity of mass 30 and mass 28 (C1°0) as
indicated. This correction was not made in previously reported profiles for
H,CO (7-8). The effect of this correction to flames I and II, the clean and
0.3% CF;Br flames, respectively, was to reduce the maximum X,_., by 15% in
flame I and 25% in flame II and to eliminate the apparent re51dua1 H,CO in the
secondary reaction zone.

The change in initial mass flow rate (burning velocity) for the clean
flame from that previously used resulted in a different final flame tempera-
ture. The area expansion ratio profile was also different at the lower linear
flow velocity. The characteristics of the two flames studied here, flame III
and flame IV, as well as the two flames examined previously, flame I and
flame II, are given in table 1. Flame temperature profiles were measured
using fine wire platinum versus platinum-107% rhodium thermocouples coated with
silica to minimize surface radical recombination. A temperature correction
was made for the radiant energy loss of the thermocouple.



TABIE 1. - Characteristics of flames examined at 0.042 atm

Flame 1 Flame II Flame III Flame IV

Flow, g sec ':
CHy+ovvsvsnconvannsvonnnansas 0.0182 0.0182 0.0107 0.0108
Bl v s vnnscomns bFANASTRER SR 0.0763 0.0765 0.0456 0.0455
Ar..oeevnnn. 8§ S me s E s RS R B 0.3005 0.3002 01811 0.1808
O BEis 5 5 s v p e s bk BSwRTE v ¥ 0 0.0047 0 0.0110
CH, svosisvnnaspnnnnsn mole-pct. . 10.3 10.3 10.1 10.1
Qo sonnssronsnnspsedns mole-pct.. 21.6 21.6 215 212
S e o S brieer e as 08 Gl 8 mole-pct.. 68.1 67.8 68.4 67.6
CEzBr..cvvvvnnennnn. mole-pct. . 0 0.3 0 i |
Vo' ciini nasas sununsis cm sec !.. 79.3 79.5 47.6 48.0
5™ war smmny © SERBRS BE BEE ) K. 1,868 1,911 1,781 1,966
T da ........................ Ko s 2,379 2,374 2,375 2,358
A 1.040.13z | 1.0+0.13z | 1.0+0.35z | 1.0+0.35z

‘Calculated using T,,;:+;,1 = 298 K.

®As determined in the absence of the sampling probe (5).

SCalculated adiabatic flame temperature.

“Area expansion ratio (dimensionless) expressed as a function of distance from
the burner surface, z, in centimeters, for O<z<l cm.

Mass spectral sensitivities for CH; Br, CH,CF,, F,CO, HF, and Br in the
1.1% CF,Br flame were determined by direct comparison with the flame contain-
ing initially 0.3% CF;Br. That is, the 0.3% CF,Br flame served as the cali-
bration standard for the named species in the 1.1% CF,Br flame. For CH,Br
(£10%), CH,CF, (*2%), and F,CO (£18%), the relative ionization cross-section
calculations were also performed in the manner previously described (7) and
the percent variation between the two approaches is given in the parentheses.
This agreement gives an indication of the precision of the cross-section
calculations from one set of ionizer conditions to another. For HBr (%8%),
Br (<1%), and HF (*6%) conservation of mass calculations showed good agreement,
as noted parenthetically, with the 0.3% CF;Br flame calibration procedure, and
this is an indication of the precision with which these flames can be repro-
duced on the burner over extended periods of time.

For CF,Br, the initial points of the profile were set equal to the known,
initial CF;Br concentration. This is a more reliable procedure for CF,Br than
calibration with the initial, cold gas mixture because of possibly different
temperature dependencies in the scattering function for CF,Br and Ar, and the
possible temperature effects on the CF,Br fragmentation pattern. Both of
these effects are quantitatively unknown, but since the temperature over the
initial portion of the profile reaches 900 K, the procedure adopted essen-
tially corrects for them up to that temperature.

In addition to the CF, radical (ll), two other previously unobserved
species, CF;H and Br,, were observed and measured. CF,H was monitored as CHF;
at mass 51, corrected for '°C contributions from CF, at mass 50. The latter
ion is formed from several other inhibited flame species. At the position in
the flame for which CF,H is a maximum, these corrections amounted to 10% of
the observed intensity at 51 amu. An ionization efficiency curve for 51 amu



determined at the maximum yielded an appearance potential of 15.4%0.5 ev. The
lowest reported appearance potential for CHF, from CF;H is 15.75 ev (36) .-
Other compounds (21) for which CHF appearance potentials have been reported
can be eliminated, either on the basis of their appearance potentials or
because of lack of supporting mass spectral evidence for their existence in
this flame. Lifshitz and Long (35) calculated a value of 15.7 ev for CHF;
from CH,CF, , which is present in the flame, but consider that the rearrange-
ment required to give this ion has a very low probability of occurrence. The
profiles of mass 64 and mass 51, determined simultaneously in order to test
this conclusion, are sufficiently different to insure that they derive from
different species. The cross-section technique (1ll) was used to estimate the
CF,H concentration. Two calculations were made, one with the comparison ion
CF, at 50 amu from CF;Br, and one with FCO* at 47 amu from F,CO. The results
were the same to *10%.

Br, was identified by its characteristic triplet at 158-160-162 amu, a
feature not observed in the mass spectrum of CF;Br or HBr. The uncertainty in
the absolute concentration of Br, is large because of the need to estimate a
partial ionization cross section for CF;Br", the only possible comparison ion
to minimize discrimination in the mass filter. The calculated value for
XBrg(max), ~3x107® , is probably good only to within an order of magnitude.

The physical model and computational techniques used to analyze the pro-
file data as well as a program listing and output for one flame have been
published (40). From the concentration profiles, profiles of fractional mass
flux, G, , are calculated for each species according to the equation

rM Di_a: dX; d In T] |
% T AR M o "( v >~dz +kTi dz - J>» (A

where z is the perpendicular distance from the burner surface, X, denotes mole
fraction, M; molecular weight, D, ,, the binary diffusion coefficient with
argon, kTi the binary thermal diffusion ratio with argon, and v the average
bulk flow velocity. Individual species net reaction rates, the sum of the
rates of all reactions forming and all reactions consuming a given species,
are calculated as

D Vi ( (.‘lGi N

K‘:AMi dz /° (B)

where p, and v, are the cold gas density and velocity, respectively, and A is
the area expansion ratio. These net reaction rates, together with the concen-
trations and temperatures at each position in the flame, are the starting
point from which kinetic analyses and deductions about mechanisms are made.

Application of the requirements of conservation of matter at the atomic
level provides a test of the internal consistency and accuracy of the concen-
tration profiles and their reduction to flux profiles (22). At each point in
the flame the deviation of the net flux of any atomic species from its known
inlet flux should be zero. Figure 1 shows the deviation in percent for C, H,
and O in flames III and IV, and for F and Br in flame IV. Figure 1D is the
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DISTANCE FROM BURNER SURFACE, cm

FIGURE 1. - Element conservation for clean and inhibited
flames. .1, Carbon, hydrogen, oxygen in
flame Ill; B, carbon, hydrogen, oxygen in
flame IV; *, bromine and fluorine in flame |V;
1), same as in (' except thermal diffusion is
ignored.

The broad, qualitative description of the complex experimental and ana-
lytical procedures used to gather the data of this report is admittedly written
for readers familiar with the conventional technique of flame microstructure
and with our previous communications on this subject. Further information on
conventional techniques is available elsewhere (22). The details of our exper-
iments have been published with respect to construction of the burner, probe,
and detector and their performance (4), temperature measurements (4), the prob-
lem of probe perturbation to the flame (5), the identification and measurement
of radical species in the flame (34), data reduction techniques (40), and
applicability of these techniques to the determination of rate coefficients
for reactions occurring in flames (7, 10).



RESULTS AND INTERPRETATION

Composition

As before, the complete microstructure of a clean flame and its inhibited
analog were determined. Figures 2 and 3 show the mole fraction species pro-
files measured for the uninhibited flame III, z < 1 cm. Figures 4 through 7
show the mole fraction species profiles measured for the inhibited flame IV
containing 1.1% CF;Br. The temperature profiles determined for these flames
are also shown and they have been shifted to account for the probe cooling
effect described previously (5).

In these figures, the symbols are the data points and the lines through
them are the results of applying smoothing techniques (40) to the data points
for the purpose of calculating smooth first and second derivatives. Profiles
were actually measured, though with a smaller density of data points, as far
as z = 13 cm, with smoothing techniques applied using data points out to
1.7 cm. The ostensibly too low, flat portion of the Br curve reflects the
average of all these data points. The H, O, and OH profiles shown here appear
to be inconveniently truncated at z =1 cm. Extended profiles of these species
are given in reference 9. No attempt was made to measure the radicals HCO and
HO; in either flame, although both had been observed in earlier studies.
Appendix A contains a partial computer listing (every fifth point) of the
smoothed mole fraction profiles for flames III and IV.
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A comparison of the maximum concentrations of species related to the
inhibitor in flames containing 0.3% and 1.1% CF.Br initially shows them to be
three to four times greater in the latter flame. This corresponds roughly to
the ratio of initial CF,Br concentrations and implies that there are no marked
changes in the mechanism of formation and decay of these species between the
two inhibited flames. 1In detail, of course, this must depend upon the rela-
tive temperature dependencies of the reactions involved. CF.H and Br; have
maximum mole fractions of 6.6x10"° and 2.6x10'5, respectively, in flame IV.
They were not observed in the 0.3% CF,Br flame, probably because one-third to
one-fourth of these maxima is near the limit of detection for our apparatus as
presently used. For the same reason, we could not unambiguously detect the
CF, radical in either flame. However, the observation of CF.H provides a
route for calculating the concentration profile for CF; (ll). This calcula-
tion gives a maximum mole fraction of CF; of about 3x10"° occurring at
z = 0.52 cm in flame IV. Because the appearance potential for CF. from CF. is
only 2 ev less than that from CF;Br, and because of the relatively broad elec-
tron energy spread of the ionizer, it is not surprising that such a small con-
tribution to the 69-amu intensity could not be identified in the "tail" of the
relatively very strong signal from CF;Br.

Rate Coefficients of Elementary Flame Reactions

The net reaction rate profiles calculated according to equations A and B
are shown in figures 8 and 9 for all the stable species not related to the
inhibitor in flames III and IV, respectively. The net reaction rate for each
species, K, (moles cm ® sec”!), is plotted versus z(cm), the distance of the
sampling probe from the burner surface. The bumps and shoulders exhibited by
several of the rate profiles in figures 8 and 9 are due to small local varia-
tions in the smoothed mole fraction data, and no attempt was made to eliminate
them. Appendix B contains a partial computer listing (every fifth value) of
the net reaction rates for all species observed in flames III and IV.

From the appropriate species net reaction rates, rate coefficients for
the following four reactions were calculated over a 100 K range in each flame:

H + CH, - H, + CH, (1)
H+ 0, - OH + 0 (2)
CO + OH - CO, + H (3)
CH; + 0 - H,CO + H (4)

The details of these calculations have been discussed elsewhere (8, 10). The
results are shown in figure 10, where log k; is plotted versus (1/T K) for each
reaction. The broken lines are from flame III, 1,500-1,600 K, and the solid
lines are from flame IV, 1,725-1,825 K. Individual data points are shown only
at the beginning and end of the range.
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The rate coefficients shown in figure 10 are similar in absolute value
and temperature dependence to those obtained for the same reactions in earlier
flame structure studies in our laboratory. There are several points to be
made regarding these results. The first is in regard to observed temperature
dependencies for H+CH, and CO+OH. It is the case that the rate coefficient
for H+CH, exhibits curvature above 1,000 K (6, 15, 44). Thus, straight-line
extrapolation of the rate coefficients in figure 10 to lower temperature will
lead to erroneously low values of k for this reaction. A smooth extrapolation
is not possible even over the 100 K gap that separates temperature ranges
covered in these two flames. This reflects upon the precision with which the
temperature dependence of a rate coefficient can be determined for a flame
reaction when the calculation relies upon the net reaction rate for a species
(CH, ) being consumed by other significant reactions (CHy + OH - H,O0 + CH, ).
For the CO+OH reaction, we cannot discern any temperature dependence for the
rate coefficient over the temperature range available in a single flame. How-
ever, the difference between the average values for k, in each flame gives an
activation energy consistent with recent results for this reaction in this
temperature range (50).

For flame IV, k, is calculated without consideration of the possible
interfering reaction

Br + CH, - HBr + CH,. (5)

This reaction has been proposed in some mechanisms of halocarbon inhibition as
the source of regeneration of HBr, which is considered to be the principal
radical scavenger. At the maximum rate of methane disappearance in flame IV,
the temperature is 1,790 K, and reaction 5 can be calculated to account for
about 6% of the observed net reaction rate for methane, usinga rate coefficient
determined in clean flames for k; (6) and extrapolating a value for k; from
low-temperature studies (32). To the extent that this extrapolation is
correct, reaction 5 is not important over the range of temperature for which
k, is calculated in flame IV. Similar considerations apply to the calculation
of k, in flame IV. If in the inhibited flame there are significant new routes
for methyl radical disappearance, then k, will be lower than calculated here.
One possible reaction is

CF, + CH; - CH,CF, + H, (6)

and consideration of this reaction would reduce k, by {ks (X.. /X,)} at every
point in flame IV. The ratio X.._ /X, is 1 at 1,600 K and ~0-02 at 1,800 K.

A reasonable estimate for kg is 10'® cm® mole ! sec™!, by analogy with a simi-
lar reaction involving methylene (33, 42), so k, might be lower than shown in
figure 10 by as much as 12% at the low-temperature end of its range in the

inhibited flame.

The relatively good temperature overlap of the rate coefficients shown in
figure 10, reaction 1 notwithstanding, between clean and inhibited flames
suggests that no significant changes in mechanism are occurring for the reac-
tion of the species in question (CH,, O,, CO;, CH,) in the regions of the
flame where they are reacting most rapidly. These reactions are simply
delayed to higher temperatures when the inhibitor is present.
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Comparisons Among Clean and Inhibited Flames

As with the flame containing 0.3% CF;Br, the profiles shown in figures 4-7
are all shifted downstream relative to those of the clean flame (figs. 2-3).
The shift is greater here, about 2 mm, than that observed in the 0.37% CF;Br
flame. The net reaction rate profiles for methane and oxygen (fig. 11) are
also shifted to higher temperatures and are narrower in the inhibited flame.
This effect was not as pronounced with the lower inhibitor concentration (7-8).
These results are similar to those obtained by Wilson (52) for very lean
CH, -0, flames at 0.05 atm containing initially 1.88% HBr. Radicals could not
be observed in that study, but a recent molecular beam investigation of a
clean flame of similar composition and pressure (41) shows that OH and O are
the dominant chain carriers and are first detected at about the same value of
z. The concentration of hydrogen atom is at least four to five times smaller
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than [OH] and [0] in the lean flame.® 1In the nearly stoichiometric clean
flames studied here, H is the chain carrier in greatest concentration every-
where in the flame, and it is observed earliest in the flame. The onset of

OH and O is downstream of that for H, but the concentration differences among
the three radicals are not as great in the stoichiometric as in the lean flame.
Thus, even though different radical species predominate in the early part of
these flames, the inhibitor has the same effect on the rates of disappearance
of fuel and oxidant in each case. There are no data available that show
directly the effect of CF;Br or HBr on the radical species concentration in
lean flames.

An examination (9) of the effect of CF;Br on the concentrations of the
principal radical species, H, O, and OH, reveals that, for flames containing
0.3% CF;Br initially, only H atom concentrations are reduced at equivalent
temperatures below ~1,600 K relative to the clean flame. At higher inhibitor
concentration, 1.1% CF;Br, all three radical concentrations are reduced in the
low-temperature region of the flame, as shown in figure 12. The maximum radi-
cal concentrations are those expected assuming the characteristic H, /0, reac-
tions balanced at the final flame temperature. These maximum radical
concentrations may increase or decrease (both were observed) when inhibitor
is added to quenched flames.

The shifting of the primary reaction zone to higher temperature with the
addition of inhibitor is responsible for the observed increase in peak methyl
radical concentration in flame IV and also provides some insight into the
nature of the reactions responsible for the decay of formaldehyde. The reac-
tions forming methyl radical are reaction 1 and the analogous reaction of CH,
with OH and, less importantly, with O. The rate coefficients for these reac-
tions are temperature dependent. In the inhibited flame they occur at a
higher temperature, and therefore CH, is formed at a faster rate than in the
clean flames. The principal reaction removing CH, , reaction 4, is not temper-
ature dependent so its rate of decay is about the same in both flames. (At
the peak X., 1in each flame, the concentration of O atoms is about the same.)
The net effett is a higher peak concentration for CH, in the inhibited flame
(fig. 12).

On the other hand, the product of reaction 4, formaldehyde, is reduced by
nearly a factor of 4 in the 1.1% CF;Br flame. A reduction of formaldehyde
peak concentration was observed for the flame containing 0.3% CF;Br (8) and in
methane flames containing HBr (52). Since its formation rate is not substan-
tially different between flames III and IV, the decrease in maximum [ H,CO]
must be caused by a greatly increased rate of decay in the inhibited flame.
This implies a strongly temperature-dependent rate coefficient for the reac-
tions responsible for that decay. It is possible to estimate that temperature
dependence. At any given z, the net reaction rate for H,CO is the difference
between the overall rate of formation, K; , and the overall rate of decay, K, ,
of formaldehyde at that point in the flame

K+2co =K - K.

€"Flame" in the context of this discussion refers to the preheat and primary
reaction zones, to 0<zZl cm in the low-pressure studies.



13

If it is assumed that reaction 4 is the only significant process forming H;CO,
then

ks [CH, J[O]
ke [CH 0] - K, co - ©)

The decay processes are usually (22, 53) thought to be abstraction reactions

K,
Ky

H(0,0H) + H;CO — H, (OH,H,0) + HCO, (7)

and there is evidence (29) that thermal decomposition reactions may be partic-
ularly important; for example,

H,CO + M - H, + CO + M. (8)

We can write

K, =k,[H,COJg[i] i =H, 0, OH
or (D)
K; = kg[H;COJ[M]

where approximation is made that all of the abstraction reactions represented

by reaction 7 have the same magnitude and temperature dependence. Substitut=-

ing one of the equations D into equation C, it is possible to solve for k, or

ks at any point in either flame. These calculations were carried out for both
flames and spanned a temperature range of over 500 K.

The activation energy calculated for reaction 7 was 26 kcal mole '; for
reaction 8 it was 44 kcal mole *. Such high activation energies suggest that
reaction 8 or a similar thermal decomposition reaction is responsible for a
significant part of the decay of formaldehyde, since the abstraction reactions
have characteristically E, ~2-4 kcal mole™® (16, 51). This is not to say that
abstraction reactions do not occur. Indeed, the fact that the activation
energy calculated for reaction 8 is rather higher than previously measured sug-
gests that attributing all the H,CO decay to reaction 8, as is done in the cal-
culation described here, overestimates kg . Our observations are consistent
with a distribution between abstraction and thermal decomposition reactions
first suggested by Peeters and Mahnen in their studies of lean CH, -O; flames (41).

One model of flame inhibition proposes a zone of inhibition between the
transport zone and the primary reaction zone of the flame (52). In this
region of the flame, the inhibitor and/or its products of decomposition are
thought to scavenge radicals efficiently and to compete with the normal chain-
propagating or branching reactions, delaying those reactions until the temper-
ature has increased to a point where the inhibiting reactions can no longer
compete. Much of the data we have obtained is consistent with this model.
Examples are the directly observed reduction of chain carrier concentrations
in the low-temperature region of inhibited relative to clean flames, the early
reaction of the inhibitor molecule relative to fuel, and the shifting to
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function of temperature for two nearly
stoichiometric methane flames con-
taining initially different amounts of

CF ;Br.

in flame IV relative to flame II (fig.

higher temperatures of the
net reaction rate of fuel
and oxidant in the presence
of inhibitor. However, the
behavior of the inhibitor in
the 1.1% CF;Br flame rela-
tive to the 0.37% flame is
not similarly consistent.

In each case, the inhibitor
begins to react and achieves
its maximum rate of decay
earlier (at lower z and T)
than methane, but the CF;Br
reacts more rapidly at sig-
nificantly higher tempera-
ture in the 1.1% flame than
in the 0.3% flame. Figure 13
shows K.: 3. as a function
of temperature in flames II
and IV. Table 2 lists the
temperatures at which the
maximum rates of decay occur
for methane and CF,Br in all
four flames examined.

Flames I and III differ ini-
tially in mass flow rate
only and hence the differ-
ence in final flame temper-
ature (28). The temperature
at which CH, disappears most
rapidly reflects the differ-
ence. Flames II and IV also
differ in initial inhibitor
concentration. The final
flame temperature is 50 K
higher for IV, but the maxi-
mum net reaction rate for
CF,Br occurs at a temperature

The shift to higher temperature and narrowing of
13) is like that of methane in
The maximum rate of decay of

CF.Br in flame IV is greater than in flame II, owing to the greater initial
CF.Br concentration in the former.
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TABLE 2. - Temperature for maximum rate of decay of fuel and inhibitor
in 0.042 atm, nearly stoichiometric CH, -O,-Ar flames?®

Flame Initial [CEyBr], % [T,y |T at |K§H4|max T at ‘KCFsBr'max
Lousonmans s us 0 1,868 1,640 -
I 5 wnnmnmas na 0 1,781 1,570 -
T os o gt i me ol 0.3 1,911 1,660 1,310
IV. oot 1.1 1,966 1,790 1,675
1All temperatures are in kelvins.

With increasing inhibitor concentration, the zone of inhibition, if that
idea is at all applicable, is also shifted to higher temperature, and the
reaction of the inhibitor itself is also delayed. At equivalent temperatures
the concentrations of H, O, and OH are smaller than in flame II (9), and the
observed delay in inhibitor decay seems to be a consequence of this reduction
in radical concentration. The implication is that of the several possible
reactions that can be written to account for the observed reduction of radical
concentration in the low-temperature region of the flame, those between CF;Br
and radicals, for example,

H + CF;Br — HBr + CF;, 9)
are not the most important. Reaction 9 does occur and is still a significant
reaction destroying CF;Br in the flame, as will be discussed presently, but it

is delayed to higher temperatures, just as reaction 1 is.

Disappearance of CF,;Br

In the 0.3% CF;Br flame, it was found that at the maximum rate of dis-
appearance of CF;Br, thermal decomposition could account for, at most, 8% of
the decay rate. The rate coefficient, k , , given by Benson and 0'Neal (3) was
used. Reaction with H atom to give HBr and CF, was responsible for the dis-
appearance of CF,Br, and a rate coefficient could be calculated. The result
was given by 2.2x10'% exp(-9,460/RT) for 700<T<1,550 K. In the flame contain-
ing 1.1% CF;Br initially, at the maximum decay rate for CF;Br, the predicted
rate of thermal decomposition, k , (again using Benson and 0'Neal's rate
coefficient), is nearly 10 times greater than the observed net reaction rate,

'thle&o = lolKCFSBrlmax'

The value for the thermal decomposition rate coefficient recommended by
Benson and 0'Neal is from an RRK calculation and represents an attempt to
calculate the limiting high-pressure value. The only experimental value for
ky 4 , reported by Sehon and Szwarc (45), is more than a factor of 10 lower than
Benson and O'Neal's. Thus, at the temperature of interest, using Sehon and
Szwarc's number, we might conclude that CF,Br disappears by thermal
decomposition.

Hydrogen atoms are present in the region of flame IV over the temperature
range in which CF;Br disappears. Although the H atom concentration at any
given temperature below the maximum temperature is lower than in flame III,
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these concentrations are not negligible. At the maximum CF,Br decay rate, if
we assume the abstraction reaction alone is responsible for the decay, we cal-
culate a value of kg = 1.6x10'® cm® mole™! sec”™*, T = 1,666 K. The number
agrees well with the value (1.3x10'®) extrapolated using the expression given
earlier.

Thus assigning the decay of CF,Br either to thermal decomposition or to
H atom abstraction would yield values for the rate coefficients for these
reactions that are consistent with what is known about either reaction. This
holds over the range of CF;Br decay for which 1,600<T<1,800 K.

It is reasonable to suppose that, in this flame, CF,Br is consumed by
both abstraction and thermal decomposition reactions. If we assume that the
abstraction reaction occurs with the rate coefficient measured in flame II, we
can estimate a CF;Br decay rate due to abstraction. Where the observed CF,Br
decay rate is greater than the calculated abstraction rate, we assign the
difference to thermal decomposition. For T>1,670 K this difference is posi-
tive and the thermal decomposition rate constant, expressed as a first-order

coefficient, is the solid
line shown in figure 14. At
4x 104 J T ¥ T v T X temperatures lower than
4 1,670 K, the abstraction
reaction predicts a greater
rate of CF,Br decay than
observed, and so a meaning-
Sehon and Szwarc ful k, 4 cannot be calculated.
/ At 1,600 K, for example, the
N
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to experimental limitations of these flame data, to the errors in modeling
thermal diffusion noted earlier, to error in determining the absolute value of
H atom concentration, particularly at low values of z, and to possible limita-
tions in the curve-smoothing operation for reactant-type profiles at low z
values. All of these possible sources of error diminish in magnitude with
increasing values of z and T.

The dashed line in figure 14 is the expression for k., of Sehon and
Szwarc (45), extrapolated to flame temperature. The conditions of Sehon and
Szwarc's experiment were 5-20 torr and 1,020-1,090 K. From Benson and
O0'Neal's calculations, it is likely that these conditions are well into the
pressure-falloff region for CF,Br decomposition. The pressure here is higher,
32 torr, but so is the temperature, and our conditions are also probably well
into the pressure-falloff region. In absolute value, our calculated rate
coefficient for thermal decomposition is not very different from extrapolation
of Sehon and Szwarc's measurements, and both are at least an order of magni-
tude lower than the computed high-pressure limiting value.

As in previous work (7), reactions of CF;Br with O and Br atoms were
found to be negligibly important. Abstraction by methyl radical to give CH;Br
accounted for 10% to 30% of the decay rate of CF,Br below 1,700 K. The reac-
tion was considered, quantitatively, in making the calculations for the con-
tribution of thermal decomposition. The reverse reactions, forming CF,Br, are
also unimportant in the flame.

Compositions and Kinetic Analyses of Inhibitor-Related Species

When 1.1% CF;Br is added to a methane flame, a number of brominated and
fluorinated species are observed. They are Br,, CH;Br, HBr, CH;CF,, CF;, CF;H,
F,CO, HF, and the Br atom. Figures 6 and 7 show the concentration profiles
for these species. The first six are relatively short-lived intermediates,
F,CO is a long-lived intermediate, and HF and Br have the appearance of
"products" in low-pressure flames. The net reaction rate profiles calculated
according to equations A and B for all the inhibitor-related species except Br
atom are illustrated in figures 15-17. The rate profiles shown are plots of
the net reaction rates listed in appendix B with local variations removed.
Some concepts that are important in understanding the flame as a chemically
reacting system are illustrated by these figures. From figure 7 it appears
that molecular Br, is formed at low values of z in the flame, and this is con-
firmed by its net reaction rate in figure 17. However, in general, it is not
possible to deduce from the spatial order of observation of the species in the
flame, the spatial order in which they are formed in the flame. For example,
HF (fig. 7) is observed in appreciable amounts at z~0.4 cm, and its maximum
rate of production is at z~0.6 cm (fig. 15). The HF observed at low z is due
entirely to diffusion induced by the large concentration gradient of HF. This
is true of all of the inhibitor-related species except Br, and may be observed
by comparing the onset of the appropriate profiles of figures 6 and 7 with
those of figures 15-17.

With the possible exception of Br, and CF;H, the kinetic steady state
approximation (d[i]/dt~0 relative to some other rate process) does not apply
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F,CO tion in other complex reac=-
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available in flame analyses.

CFgHx10

The species formed ear-
liest in the flame are, in
addition to Br, (870 K),
CH,Br (1,448 K) and CF,
(1,538 K), followed by CF.H
(1,569 K), CH,CF, (1,598 K),
and HBr (1,634 K); the tem-
perature at which the maxi-
mum net reaction rate is
observed is given in paren-
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There are some differences in the relative order of appearance of these
species between flame IV and flame II, containing initially 0.3% CF;Br (7).
In that flame the maximum F,CO appearance rate preceded that for HF, and both
the HF and HBr maxima occurred at about the same value of z. The temperature
profiles are different between these two flames, so that the place at which a
given species reaches a maximum or a minimum in K, will depend upon the tem-
peratures and the temperature dependencies of all the reactions contributing
to the formation and decay of the species. The difference in the relative
position of HBr between flame II and flame IV may be a reflection of the dif-
ferences in the decay mechanism for CF,Br between the two flames. As previ-
ously noted, in flame II, decay is predominately via the abstraction reaction
H+CF,Br — HBr+CF,; in flame IV, the thermal decomposition reaction giving Br
and CF, is also important. Thus the reaction Br+H, - HBr+H may be more impor-
tant in the overall rate of formation of HBr at low temperature in flame IV
than in flame II.

The individual net reaction rate, K; , determined by equation B is the
collective effect of all the reactions forming and all the reactions consuming
the species i. When the reactions responsible for the production and decay of
a given species are known, particularly when a single reaction path dominates,
it is straightforward to calculate a rate coefficient for the dominant reac=-
tion from the complete microstructure data, as is done for reactions 1-4.

When the mechanisms are only partially known, as is the case here, the
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procedure is to propose reactions that could explain the observation of a par-
ticular species. Whenrate coefficients for these reactions have been measured
in other systems, or can be reasonably estimated, it is possible to calculate
the value of K, to be associated with each reaction. Comparison with the
observed K, gives an indication of the importance of the proposed reaction.
Rate coefficients that are consistent with the proposed mechanism can be calcu-
lated for individual reactions if there is sufficient kinetic data available
for most of the other reactions in the scheme. Rate coefficients so deter-
mined are frequently the only available quantitative data for the reactions at
elevated temperature. The analyses that follow are the result of applying the
procedure outlined above to inhibitor-related species in flame IV.

CH,Br and CF;H.--The reactions found to be significant in the formation

and decay of CH;Br in the inhibited flame over the temperature range 1,250-
1,600 K follow:

Formation CH, +CF,Br - CH;Br+CF, (10)
CH,+Br, - CH;Br+Br (11)

Decay CH, Br+H(OH) - HBr (HOBr )+CH, (12-13)
CH; Br+Br - HBr+CH,Br (14)

CH, Br - CH,+Br (15)

Reactions 11 and 14 are relatively minor contributors to K, , so that even if
the absolute concentration of Br, is in error by an order of magnitude, the
rate coefficient calculated for CH,Br formation by reaction 10 would not be
significantly different. Reactions of CHy;Br with O, CF;, and CH, are negli-
gibly slow here. To the extent that quantitative information is available for
the reverse reaction, either from measurement of the reverse or from calcula-
tions using equilibrium constants and the rate coefficient of the forward
reaction, the reverse reactions are also slow.

A rate coefficient, k;,, for reaction 10 over the temperature range cited
may be calculated by quantitatively taking into account the contribution of
the other reactions (7). The results are shown in figure 18. Shown also are
the earlier results from the flame initially containing 0.3% CF;Br. The tem-
perature range over which this rate coefficient was determined in that flame
was 650 to 1,250 K, and the values below 900 K depended importantly upon an
estimated concentration of Br, in that flame. The points shown in figure 18
are for 900<T<1,600 K, and the value 5.8x10"% exp (=4 ,200/RT) cm® mole™! sec™!
for k,, from both flames is a better estimate for this rate coefficient than
that obtained from either flame separately.
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CF;H is the only observed inhibitor-related species that contains the CF,
group intact. We use its net reaction rate, with the assumption that it is
formed by H atom abstraction reactions between CF; and various hydrogen-
containing species in the flame, to calculate a profile for CF; inthe flame (11).
A formation reaction not considered earlier, CF,+HF - CF,H, is about two
orders of magnitude slower than the observed rate of CF;H formation and is
therefore negligible. 1In the calculation a value for the rate coefficient
analogous to that recommended for insertion by HBr and HCl was used (1, 17).

The decay reaction for CF;H is relatively slow, since CF;H is next to the
last to disappear (F;CO is last) of the intermediates associated with the
inhibitor (fig. 17). Several reactions may be important in the decay:

CF, H+H(0 ,0H) — H, (OH,H,0)+CF, (16)
CF,H — CF,+HF (17)
Br+CF,H — HBr+CF, (18)

CH,+CF,H - CH.+CF (19)
HS 3 3
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Reactions 16, 18, and 19 are the reverse of important formation reactions, and
using rate coefficients from standard sources (32, 48), reactions 18 and 19
are found to be too slow to be important sources of decay of CF;H. At the
position of maximum decay, reaction 16, with H atoms, accounts for only ~87% of
the observed decay rate. Since [H]~[OH] here and [0] is about half that, at
best, radical abstraction reactions, assuming them all to be equally fast, can
account for only 207 of the observed net reaction rate. The thermal decomposi-
tion reaction 17 is of primary importance in the disappearance of CF;H, and we
calculate a value for k;,, expressed as a first-order rate constant, of
(6x1)x10° sec™® at T = 1,845 K. This result is about seven times lower than
suggested by the only other value reported in the literature (49). That datum
was from a shock tube experiment in which the average conditions of measure-
ment were 3,000 torr and 1,400 K. The authors considered the reaction to be
into the falloff region under those conditions, and the flame conditions here
are even farther from the high-pressure limit. Expressed as second order,
CF,H+M - CF,+HF+M, the rate coefficient is 2x10'° cm® mole™! sec™ at 1,845 K,
where M is any other molecule in the flame.

The CF, ,CH,CF, ,F;CO,HF Axis.=-=The four named species are linked together

by the fact that reactions forming some of them consume others, and while we
can estimate rate coefficients for these reactions based upon the behavior
observed for the net reaction rate of individual species, their behavior is
related. For this reason we discuss the kinetic analyses of these species
together. Table 3 lists the reactions that are pertinent to their formation
and decay in the flame, together with the literature rate coefficients and
references to the literature on the reactions.

The reactions responsible for the formation and decay of CF,, as deter-
mined from analyses of the net reaction rate profile for CF,, have been pub-
lished (11). Some new information from considerations of K., . has
implications for the estimated rate coefficients of the CF, réactions and will
now be discussed.

Observation of CF; in flame IV suggests for the formation of CF;CH, the
reaction

by analogy to the reaction between (triplet) methylene and methyl radical (33,
42). This is in addition to the reactions proposed earlier (7),

(21) (22)
CF,+CH, =  (CF,CH,)* - CF,CH,+HF.
(-21)



TABLE 3. - Reactions of the principal fluorocarbon species in

inhibited flames

Reaction Literature rate coefficient, Refer- Remarks
cm® mole ! sec?! ence

(20) CF,+CH; = (CF,CH; )% - CF,CH,+H... - 42 By analogy to °CH, reaction
for which k = (3-6)x10'2
cm® mole™! sec’!,

(21-22) CF,+CH, = (CF,CH, )* — CF,CH,+HF |k, = 6.8x10"% (440 K) 31, 43, -

47

(23) QF;#H o CRyHHFs s nwnsssnwnmsssssn 5x10*% (1,540 K) - 2x10** (900-1,300 K) | 11, 46 -

(24) CE3H = GFL+HF . «owsvsesumnves swnns 1.2x10' % exp(-63,000/RT) sec™? 49 Reaction conditions likely
to be in the pressure
falloff region.

gg;; Ol CE2+0 - gzggggz::::::::_‘j::‘_: } 4x10°® exp(-3,200/RT) s _

(26) CE +H < CPHHP: couss s commons s sanns 10'® (1,800 K) 11 -

(27a) CFy+0 4 COFFHEFcx s snssmmas » v wws - 25, 39 | A rate coefficient of

(27b) S N o] o I = 2 (1-5)x10* 2 was estimated

(27c¢) = FCOHF et v e it iieieeeeen - 30 for these reactions col-
lectively in reference 11.

oy O o ) asaagte 1,800 ) 11 _

(29a) CFo+0; = FoCO+0. v v vevenennennnn. 2x10*® exp(-26,500/RT) 30 -

(29b) = COF2F+0. cn covvvmssonnmis - - Endothermic.

(30) CF;+0; = EsCOROF: o swswnsosivumas - 26 By analogy to CH, reaction
for which k = 1.2x10*%
exp(-12,500/RT) cm® mole !
sec 1.

(31) CE;40 = FoCOhF e v vcvwmmnme smmmmas - 7, 41 By analogy to CH, reaction
for which k~10'* cm®
mole™? sec’!l.

(32) CF;+0H — FoCOHHF. . .ccvvvnncncnnns - 7, 19 By analogy to CH; reaction

for which k =4x10*® cm®
mole ! sec!.

*Denotes a vibrationally excited molecule.

€c
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Reaction 20 was not considered in the analyses of flame II. 1In that
flame it was estimated that X.; < 100%, from our inability to detect this
radical. From the current datéﬁ the maximum mole fraction of CF, in flame II
was more like 10’5, and a rate coefficient calculated for reaction 21 from
that data is an order of magnitude higher than reported earlier. The rate
coefficient from the present calculation is >2x10** cm® mole™ sec™ , and k,,
would be greater to the extent that reactions 21, =21 are in the pressure
falloff region for the conditions of that flame. A similar calculation, in
which reaction 20 was ignored entirely, was performed for flame IV and gave
ke, >5%x10'* cm® mole™! sec™® at 1,435 K. A value of 6.8x10"° cm® mole ! sec™*
is recommended for k,, (24). Since this value is nearly gas kinetic, and if
anything, likely to be smaller at high temperature, it is unreasonable to
assign the formation of CH,CF, solely to the sequence of reactions 21-22.

The literature value for the rate coefficient of reaction 21, the mea-
sured concentration of CF,, and the calculated concentration of CF, were used
to account for the contribution of the sequence of reactions 21-22 to the net
rate of formation of CH,CF,. In the temperature range 1,300<T<1,600 K, CH,CF,
is being formed (fig. 16), and decay reactions are assumed to be unimportant.
A value for ky, was calculated over this temperature and found to be tempera-
ture insensitive at 2x10'® cm® mole™* sec™* . Inclusion of the decay reactions
for CH;CF,, to the extent that their rate coefficients are known (ll), does
not significantly change this number below 1,600 K. At the point in the flame
where CH,CF, is being formed at a maximum rate, reaction 20 accounts for ~80%
of that formation rate; reactions 21-22 account for, at most, 207%. The same
mechanism may be reasonably applied to flame II (7). Previously we supposed
only reactions 21 and 22 were important in flame II (7). We did not look for
the CF, radical in that flame and observed it for flame II subsequent to the
experiments on flame IV (11).

In analyzing the net reaction rate profile for CF, (1ll), the reaction
between CF; and CH, was considered to give HF and the CFCH, radical, an endo-
thermic reaction that was neglected as slow. When reaction 20 is added to the
decay scheme for CF, using the rate coefficient determined in the preceding
analysis, we calculate rate coefficient for other reactions forming and con-
suming CF, that are higher than those reported earlier (ll). The reactions
(table 3) forming CF, are 23, 24, and 25b; the reactions consuming CF; are
20, 26, 27, and 28. A rate constant of 8x10°* cm® mole ! sec™* for reaction 23
is consistent with this mechanism. This number is a factor of four greater
than that calculated ignoring reaction 20 and corresponds to the reaction
occurring essentially at every collision. Reactions 26-28 have rate coeffi-
cients two to three times greater than previously estimated, depending upon
which radical is assumed to dominate the decay. If the reactions between CFg
and H, O, and OH are equally fast, then the rate coefficient for those reac-
tions at 1,800%30 K is 3x10*® cm® mole ! sec!

Carbonyl fluoride may be produced by several different reactions:
CE;+0 — F5CO (27b)

CF,+OH — F,CO+H (28b)
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CF,+0, - F;CO+0 (29a)
CF,+0; — F,CO+OF (30)
CF;+0 - F,CO+F (31)
CF,+0H - F,CO+HF (32)
CH,CF,+0 - F,CO+CHy (25a)

The net reaction rate profile for F,CO (fig. 17) shows an unusually long
upstream foot. Although most of the F,CO is formed at higher temperatures, it
is being formed even at temperatures as low as 1,100 K in the flame. K; .,
begins to increase rapidly where O atoms are observed in the flame, and the
most important reactions forming F,CO are those involving O atoms. Below
about 1,375 K, the concentration of oxygen atoms is zero, and reactions 27b,
31, and 25a may be neglected. The contributions of reactions 30 and 32 were
estimated by assigning to them the rate coefficients of analogous methyl radi-
cal reactions (7, 19) with the result that both reactions are negligibly slow
here. Reaction 29a is of minor importance, contributing at most 20% of the
observed net reaction rate of F,CO at temperatures below 1,375 K. The reac-
tion principally responsible for F,CO formation in the absence of oxygen atoms
is reaction 28b, CF,+OH - F,CO+H. Using K; ., for 1,090<T<1,375 K, the rate
coefficient for reaction 28b is calculated %to be (5£1)x10'® cm® mole ! sec™?
where the limits show precision only.

]

Previously we calculated 3x10*® cm® mole™! sec™! for CFy;+(OH, O, or H),
assuming equal rate coefficients for each radical (1ll). The present result is
consistent in that several reactions for CF, with O and OH, including reac-
tion 28b, were considered together in the CF; analysis.

For 1,495<T<1,780 K, where F,CO is being formed most rapidly and the
oxygen atom concentration is not zero, the principal formation reactions are
CF,+0 (27b) and CH,CF,+0 (25a). The reactions involving CF, , including reac-
tion 31, together account for about 20% of the observed Ki ., over this temper=-
ature range. Reaction 29a, CF,+0,, diminishes in importamnce, contributing at
most 5% to Ki_.,. We account for reaction 28b using the rate coefficient
determined at lower temperature. We cannot, from the F,CO analysis, determine
which of the two reactions, 27b or 25a, dominates. Assigning the formation to
reaction 25a alone suggests a rate constant for this reaction of 1x10*2 cm®
mole™! sec™!, in agreement with a similar analysis for flame IT (7). Assign-
ing the formation to reaction 27b alone requires a rate coefficient of 2x10'2
cm® mole ! sec”! for that reaction. This last number is consistent with the
estimate made from the CF; net reaction rate analyses.

Reaction 27b, CF,+0, is spin disallowed and, presumably, slow. Bauer (2),
from shock tube studies of the oxidation of perfluoroethylene, suggests that
this reaction has a rate constant very much larger than that for the reaction
of CF, and molecular oxygen (reaction 29a). The rate coefficient for that
reaction at the midpoint of the temperature range considered here, 1,635 K, is
5.7x10° cm® mole ! sec™® (30).
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Reaction 25a, CH,CF,+0 — F,CO+CH, , is spin allowed and has been identi-
fied as occurring in the room temperature photolysis of NO, and CF; = CXY
mixtures, where X and Y are either F, H, Cl, or Br (37). Those results
suggest , however, that reaction 25b (table 3) rather than reaction 25a is the
dominant reaction path for the interaction of CH,CF,+0. If that is also true
at flame temperatures (and we cannot distinguish directly between the two
paths here), then not only is reaction 27b the most important F,CO formation
route in the flame, but the results of the reassessment of the K .  analyses
discussed earlier represent upper limit values for the rate coefficients
involved. The latter follows from the fact that reaction 25b represents a
formation reaction for CF, whose occurrence mitigates the effect of consump-
tion reaction 20 to the extent that their rates are similar.

There are 10 reactions in table 3 that may lead either directly to HF or
to F atoms which we assume rapidly abstract a hydrogen atom from other flame
species to yield HF. These reactions are

CF,+CH, — ... — CF,CHy+HF (21-22)
CF;+H - CE,+HF (23)
CF,+0 - CO+F+F (27a)

- FCO+F (27¢)

CF,+0H — CO+HF+F (28a)
CF;+0 — F,CO+F (31)
CF,+0H — F,CO+HF (32)
CF,+H — CF+HF (26)
CF,H - CF,+HF (24)
CF,+0, - CO+2F+0 (29b)

Reaction 29b can be eliminated from consideration since it is endothermic and
its rate will be slower than for exothermic reaction 29a (table 3). The rate
coefficient for 29a has been determined (30), and the rate of this reaction is
negligibly slow with respect to the observed K,; everywhere in the flame.

Because of the number of reactions leading to HF and the paucity of liter=-
ature rate data for these reactions, we cannot eliminate or account for enough
of them to calculate independent rate constants for the others from the
observed K, . We can, however, learn something about the magnitude of the
rate coefficients for the reactions by comparison with the decay of CF;Br. 1In
this analysis, we can also use rate coefficients previously determined from
the net reaction rates of other species to make decisions about which of these
reactions are most important in producing HF in different regions of the flame.
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If the reactions yielding HF from CF;Br were very fast relative to the
decay rate of CF;Br, we would expect to observe three HF molecules produced
rapidly for every CF,;Br molecule that decays and that

m(KHF)maxN3 (KCFSBr)min )
We find that

"(KHF)max = 1.7 (KCFSBr)min

in both inhibited flames, II and IV. The rates of the reactions occurring
between the decay of CF;Br and the production of HF are not, collectively,
very much faster than the CF;Br decay reactions in this flame.

At the maximum rate of production of HF, z = 0.62 cm and T = 1,720 K, the
observed K, is 10.2x10°°% mole cm ® sec’!. A production rate for HF at this
point in the flame can be calculated by assigning to the reactions listed
earlier the upper limit rate coefficient determined from the analyses of other
species involved in the reaction; for example, from the K. analysis for
reaction 23. For reactions 31 and 32, the rate coefficient®was assumed to be
that of the analogous CH, reaction, although for reaction 32 a factor of 10
increase in the rate coefficient made no difference in the conclusion. The
assumption was made that all of the reactions listed giving HF or F resulted
in the maximum possible rate of HF production so that, for example, reaction 27a
yielded a contribution to K,; equal to twice the rate calculated for the rate
of the reaction of CF,+0. Each F atom produced is assumed to rapidly react to
give HF. The maximum rate of HF production calculated in this manner was
13.3x10°® mole cm ® sec’!. This value represents quite reasonable agreement
with the observed K, ; (max), 10.2x10°° mole cm 2 sec”™!, in view of the uncertain-
ties in the rate data. Without the assumption of maximum HF production rate
from each reactionor the use of lower limit rate coefficients, a calculated K,
that is 2 to 2.5 times, respectively, lower than the observed K, is obtained.

From this type of calculation at various points in the flame, we identify
the most important reactions for HF production. We find that for z < 0.5 cm,
the low z foot of the K,; profile is accounted for by the reactions (in order
of importance)

CF,+H - CF+HF
CFy+H — CF+HF
CF,+0H — CO+HF+F

Near the maximum rate of production of HF, the reaction of CF;+0 joins these
three reactions as a major contributor to HF production, but it does not
dominate. Thus, although the net reaction rate profiles for both F,CO and HF
show an unusual low z foot and both begin to increase rapidly where the con-
centration of oxygen atoms in the flame begins to increase rapidly, the cor-
relation is significant for F,CO but not for HF.
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Br, .--Molecular bromine was not observed in the flame containing 0.37%
CFSBr_I;itially (7). Analysis of the formation rate of CH.Br at low tempera-
ture in that flame suggested that molecular bromine must occur in the flame at
low values of z. Thus, the observation of Br, in the present flame was
expected, and its maximum at very low z values provided gratifying confirma-
tion of the earlier analysis. The maximum mole fraction observed for Bry is
2.6x107%, and this may be in error by an order of magnitude because of the
uncertainties in the cross sections used to estimate the concentration of Bry
relative to that of CF,Br. The uncertainty in the net reaction rate for Brg
will be about the same as the uncertainty in the mole fraction.

In spite of th= large range of uncertainty we cannot account for the
observed rate of formation of Br, in this flame. The reactions that may
reasonably be expected to produce Br, in the flame are

Br+CF,Br - Br,+CF, (33)
Br+CH, Br - Br,+CH, (34)

Br+HBr - Brp+H (35)
Br+Br+M - Br,+M (36)

Assuming that the reverse reactions are not important, which provides for
a maximum possible production rate for Br,, we calculate a total net reaction
rate for Br, at 850 K of ~10°*° mole cm ® sec™®. This is more than two orders
of magnitude lower than the observed maximum net reaction rate for Bry . The
rate coefficients used in these calculations were 8.13x10*° exp(-25,170/RT)
for reaction 33 (20), 5x10*° exp(-22,900/RT) for reaction 34 (32), and
2.7x10** exp(-22,200/T) for reaction 35 (18). For reaction 36 the rate coeffi-
cient was calculated from the recommended recombination rate coefficient for Ar

as a third body, M: logk,g-,, = 15.381-2.287 log(T/300) + 1.154 log®(T/300) (14).

A possible additional source of Br, is recombination of Br at the burner
surface. If this were the primary source of molecular bromine we would expect
to observe a concentration profile for Br; having the appearance of reactant
profiles with the maximum concentration at the burner surface. The net reac-
tion rate profile would also have its maximum at the burner surface in that
case. The concentration of Br; as close to the burner surface as we can reli-
ably sample is about 1/3 of the maximum; surface recombination undoubtedly
occurs, but it does not appear to be the principal source of Brs.

Two modeling studies of H; /O, flames inhibited with HBr predict molecular
bromine with a concentration maximum occurring close to the cold gas boundary
(18, 23). Galant attributes the Br, behavior to reaction 36 and the reverse
of reaction 35 in the H, /O, flame. From our observations either a Br,-
producing reaction different from reactions 33-36 is important in methane
flames, or the recombination of Br atoms in these flames is, for reasons not
known, anomalously fast.



29

SUMMARY

The microstructure, including radical species, of nearly stoichiometric
CH, -0, -Ar flames containing initially 1.1% CF;Br has been determined. These
data are analyzed in light of previous microstructure studies of flames con-
taining 0.3% CF;Br initially and of the analogous clean flame.

Comparison of the maximum concentration of inhibitor-related species in
flames initially containing 1.1% and 0.3% CF;Br suggests that similar mecha-
nisms for formation and decay of these species are operating in both flames.
These reactions, as well as those responsible for the disappearance of the
ma jor reactants and production of the major products, are shifted to higher
temperatures in the presence of 1.1% CF;Br. The effects of this inhibitor on
the net reaction rate curves for methane and oxygen, and on the maximum concen-
tration of formaldehyde, are similar to effects observed with HBr in very lean
flames where different chain carriers predominate in the preheat zone of the
flame.

The different temperature regions for the primary reaction zones in the
inhibited versus the analogous clean flame account for the greater maximum CH,
concentration in the former. The difference in formaldehyde maxima between
the inhibited and clean flames is consistent with a mechanism of decay for
that species that includes a large contribution from thermal decomposition
reactions.

The behavior of CF,Br in the 1.1% flame is different from its behavior in
the 0.3% flame. Its net reaction rate both is shifted to higher temperature
and is narrower in the flame containing more inhibitor. By analogy to the
ma jor reactants, we conclude that the decay of CF,Br is also delayed on
account of the reduction of radicals at low temperature in the inhibited rela-
tive to the clean flame. This observation is inconsistent with the idea of a
zone of inhibition just prior to the primary reaction zone in which the inhibi-
tor and/or its decomposition products scavenge radicals in direct competition
with chain-branching reactions.

Analysis of the decay of CF.Br suggests that, in contrast to the earlier
study, the inhibitor is consumed not only by reaction with H, but also by
thermal decomposition. Each pathway is equally important at the maximum rate
of decay of CF.Br.

From analyses of the net reaction rate profiles of the bromine- and
fluorine-containing species observed, mechanisms to account for the formation
of these species in the primary reaction zone of the flame have been deduced.
The observation of the CF; radical and of CF,H, from which a profile for the
CF. radical may be calculated, provided critically important information. The
presence of molecular bromine, though anticipated, cannot be accounted for
quantitatively. The reactions judged to be primarily responsible for the
major stable species containing fluorine are collected in table 4. They are,
for the most part, radical-radical reactions involving CF,, and the fluoro-
carbon chemistry occurring in this flame is due primarily to the CF, and not
the CF. radical, as originally postulated (7). Rate coefficients for these
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and the reactions of other species related to the presence of the inhibitor
were determined, and the results are given in table 5.

TABLE 4. - Reactions responsible for the formation of
fluorocarbons in CF,;Br-inhibited flames

B 5 .55 50 e wue 5wy CH,+CF, — (CF;CH; )* — CH,CF,+H

FsC0:anies vosnmnseanne CF;+0H - F5CO+H
CF,+0 - F;CO
CH;CF;+0 - F,CO+CHy

BB 5 B sisls 45 S BAE S6DS CF,+H - HF+CF,
CF,+H - HF+CF
CF;+0OH - HF+CO+F
CF;+0 - CO+F+F
Nyt
+2RH - 2HF+2R
*Denotes a vibrationally excited molecule.

TABLE 5. - Summary of rate coefficients determined from kinetic
analysis of a methane-oxygen-argon flame containing
1.1% CF;Br initially

Reaction Temperature k, cm® mole ! sec’!
range, K

OH 4CR.Pr ~= CRBOIOE, i v s rsmrsnsssasnin 900-1,600 | 5.8x10** exp(-4,200/RT)
CE,; M — OF 3MMn vssmmsnssmmessnswwsns 1,845 2x10t°

CH,4#CFy - swe = CRyCH FHesssvsasssnvans 1,300-1,600 2x10* 2

CFy+H ~ HFHCFg e o vssasonnsassannscsnsnns 1,800 <8x10*
CFo+(H,0H,0) — Product.......eeeveueunn 1,800 3x10t3

CFo+0H — FaCOHH. o v vvviiiineneenennn, 1,090-1,375 5x10t 2

B0 o Ellen w5 veon s Peaps s Resen 1 f REns

CHzCF2+O s BB v5 2 0 www s o 4 Sunps s 0wl }1 A82-1,780 ~10°
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APPENDIX A.--FLAME SPECIES SMOOTHED COMPOSITION PROFILES

This appendix contains a partial listing (every fifth value) of the
smoothed species composition profiles determined for the uninhibited flame
III and the inhibited flame IV containing 1.1% CF;Br. The characteristics of
both flames are given in table A-1.

TABLE A-1. - Characteristics of flames III and IV
examined at 0.042 atm

Flame IIT Flame IV
Flow, g sec™!:
o} R 0.0107 0.0108
s summmuss snmannes snnnss 0.0456 0.0455
AEs s i i on s mmias s bs s v dm s 0.1811 0.1808
CE B ssennnsonnan yunaans 0 0.0110
CHy ¢ evvovvnnnnnns mole-pct.. 10.1 10.1
Ogccinanios mmmans mole-pct.. 21:.5 21-2
BB s v psmin: 9y enEas mole=-pct.. 68.4 67.6
B, BY vnnun s s munsnn mole-pct.. 0 1.1
Vo2 i punis s nusnnns cm sec t.. 47.6 48.0
; S P B 5 W R K.. 1,781 1,966
I Riss 2,375 2,358
*Cold gas velocity calculated using T, ¢,
= 298 K.
®As determined in the absence of the sampling
probe (5).

SCalculated adiabatic flame temperature.

These smoothed mole fraction profiles are obtained by applying various
smoothing techniques to the mole fractions calculated from mass spectral
intensities and calibration factors (7, 40).! The numbers under the column
heading INDEX (tables A-2-A-4) are used in the computer program to identify
each position. The numbers under the column heading Z are the distances, in
centimeters, between the sampling probe tip and the burner surface. (Z = 0.0
is the burner surface.) The numbers in the column labeled TEMP are the
smoothed temperature profiles in kelvins. The temperature profiles have been
shifted to account for the probe "cooling' effect as described in reference 5.
The temperatures given are those used in the kinetic analyses of the flames.
The remaining columns are the mole fractions of the species listed at the head
of the column. These smoothed mole fraction profiles appear as solid lines
plotted through the data points in figures 2-7 of the text. The smoothed
temperature profiles appear as the dashed line in the figures. The argon
(column labeled A) mole fraction varies through the flame because it is defined
to be the difference between 1 and the sum of all the other species mole frac-
tions, X,. = 1 - ¥X. , where i # Ar.

1

“Underlined numbers in parentheses refer to items in the list of references
preceding the appendixes.



100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200

TEMP

300,
300.
349,
418,
496,
579,
667,
758,
852,
946,
1037,
1122,
1200,
FZ20:,
1333,
1391,
1442,
1488,
1526,
1559,
1586,
1608,
1627,
1642,
1554,
1662,
1667,
1671
1674,
K67 T
1679,
1641,
161,
1681,
16R1,
1680,
1679,
1678,
1676,
1676,

CH4

.805E=01
<791E=-01
<770E-01
. 742E-01
. T10E-0)
L6T6E-01
«639E-01
«H02r=-01
«564E=01
«525€=01
W4B84F=0]
JAU2E-01
.397F-01
«350E-01
«302FE=-01
«256E=01
«211E-01
L170E-01
.134£-01
.101E-01
S T4UE=0?
W 52RF =02
«35RE=02
«23AE=02
«151€=-0?
2 961E-07
«O16E-073
«40RE-03
«279E-03
. 192E-03
.123E-03
«H39F =00
«202E=-04

0.

0.

0.

0.

0.

0.

0.

co

.636E-02
. 7132E-02
JR6BE~02
«104E-01
«124E-01
L147E-01
«170E-01
+195E-01
.222E-01
.250E-01
«280E=-01
.310E-01
«340E-01
«370E-01
«398E-01
JU42UE-Q1
L44bE=-01
+465E-01
L4B0E-01
<493E-01
«S01E-01
+S06E-(Q1
«505E-01
J4Y99E-01
L488E-01
WGT3E-01
«435E=01
J436E-01
L417E=-01
«398E-01
+3B0E-01
«364E-01
«349E<-01
«335E-01
«323E-01
«311E-01
«301E-01
o 292E=-01
W 2B4E=01
.276E-01

TABLE A-2. - Smoothed composition profiles for the species in flame III

coz

«230E-02
«267E=02
«325E-02
«403E-02
«499E-02
«h12E=-02
«739E-02
«88lE=-02
+104E=-01
«120E-01
«13%9E-01
«158E-01
«179E-01
«201E-01
«224E-01
«249E-01
«2T4E=01
.302E-01
«330E-01
+360E-01
«390E-01
«419E=-01
«4G4TE=01
«4T2E-01
«496E-01
«518E-01
«539E-01
«559E-01
«580E=-01
«601E-01
«621E-01
«H40E-01
«657E-01
«HT2E-01
«H85E-01
«A96E-01
s T06E-01
«715g=-01
o 7124E-01
o 734E-01

0.

0.
«208F-04
. T64F =04
«157€-03
«253F-03
«361E-03
«4B7E-03
.643E-03
«BG4E-03
.110F=02
.140E-02
.175€-02
.216E-02
«2b2F-02
«315E=-02
«378E=-02
«450E=-02
.531E-02
.617E-02
« 704F=-02
«790E=-02
«8T72E=-02
«949E-02
.1026-01
«109E-01
«114F=01
«120E-01
«124E-01
«128€-01
«132F-01
«136E-01
«140€-01
o lu4F=01
«147E-01
.149F-01
«151E=-01
«151E-01
«152F=-01
«152E-01

H20

«207E=01
.231E-01
.266E-01
+310E=01
+360E=-01
«415E=01
«4T3E=-01
+533E-01
«595E-01
«658E-01
«7122E=-01
+790E=-01
+B62E-01
«936E-01
.101E+00
+109E+00
+116E+00
+123E+00
«130E+00
«137E+00
+143E+00
+148E+00
«153E+00
+156E+00
+159E+00
.161E+00
+163E+00
«164E+00
«165E+00
«166E+00
«166E+00
«166E+00
L167E4+00
«167E+00
«167E+00
.168E+00
«168E+00
+168E+00
«168E+00
+168E+00

MOLE FRACTION

OH

0.

0.
«170E-04
«H15E=04
«125€=03
«197E-03
.271E-03
«344E-03
«415E-03
«484E-03
«554E-03
«632E-03
. 731E-03
.868E-03
«106E=02
+134E-02
«171E=-02
«219E-02
.278E-02
«345E-02
«420E-02
«500E-02
«580E-02
«659E-02
. 733E-02
. 798E~-02
«854E-02
«899E-02
«934E~-02
«960E=-02
«980E-02
«995E=-02
«101E-01
«102E-01
«103E-01
.103E-01
«104E=01
+105€~-01
«105€-01
+106E-01

A

+6T8E+00
+6TTE+00
+676E+00
+O6T6E+00
«67SE+00
«6T4E+00
+673E+00
«672E+00
«671E+00
«669E+00
+668FE+00
+666E+00
«665E+00
«664E+00
«663E+00
«662E+00
+660E+00
+658E4+00
«655E+00
+652E+00
«649E+00
«646E+00
«H43E+00
«641E+00
«641E+00
«640E+00
+641E+00
«641E+00
.641E+00
«642E+00
«642E+00
«642E+00
«642E+00
«642E+00
«642E+00
+643E+00
«643E+00
+PULESOD
«644E+00
+644E+00

H2

«119E-01
«125€E=01
.132E-01
«140E-01
+149E-01
.158E-01
«167E-01
«177E-01
«186E-01
+196E-01
«205E-01
.214E-01
«224E=-01
+232E~01
«240E-01
< 246E-01
«250E-01
«252E-01
»252E~01
«249E-01
£ 243E-01
«236E-01
.227E-01
«217E-01
+207E-01
«198E-01
«190E-01
«183E-01
«176E=-01
«171E-01
«167E-01
«163E-01
«160E-01
«158E-01
+156E-01
«155E-01
«154E-01
+153€-01
«152E-01
«152E-01

02

«200E+00
+198E+00
«195E+00
«190E+00
+185E+00
«179E+00
«173E+00
«167E+00
«160E+00
«154E+00
«146E+00
+139E+00
+130E+00
«121E+00
«113E+00
«104E+00
«964E-01
«892E-01
«828E=01
«771E-01
«721E=-01
«6T6E-01
«H634E=-01
«597E-01
«563E-01
«532E=-01
«506E-01]
+483E-01
«465E-01
«451E=-01
«440E-01
«432E=01
+425E-01
«418E-01
«410E-01
+400E-01
+«390E=-01
«382E-01
«377E-01
«375E-01

< 149E-04
J44TE=04
.935E-04
.171E-03
.294E-03
+480E-03
L T44E=03
.109E-02
<153E-02
.206E-02
.268E-02
.337E-02
W411E=-02
L4BTE-02
.561E-02
«628E=02
«HBSE-02
«730E-02
L763E-02
.788E-02
LB05E-02
.819E-02
.B29E-02
.B36E-02
«B41E-02
+B45E-02
+B49E-02
+B52E-02
+BS6E=02
.R61E-02

H2Co

«170E=-03
«230E-03
«293E-03
«353E-03
«407E-03
«469E-03
«539€E-03
«592E~03
+627E~03
«666E=-03
«716E-03
. 166E-03
.812E-03
+855F=-03
+883E-03
.883E-03
«851F=03
«793E-03
. 710E-03
+609E-03
«496E=-03
+381E-03
«275E~03
«190E-03
«127E-03
«798E-04
«450E-04
«231E=04
«124E-04
«804E=-05
+560E-05
«353E-05
«194E-05
«7S5E=06

coocooco

CH3

«940€E-05
«218E-04
+«356E-04
«S26E-04
«804E-04
«129E-03
«198E-03
.282E-03
+378E-03
«490E-03
«631E-03
.807E-03
«101E-02
«124E-02
«145E-02
«162E-02
«170E-02
+166E-02
«151E-02
«129E-02
«103E-02
«763E-03
«534E-03
+358E-03
.227F-03
«141E-03
«934E-04
«672E-04
«4TSE-04
«317E-04
.215E-04
+168E-04
«149E-04
«132E-04
«111E-04
+894E-05
+682E-05
«463E-05
«.235E-05
«459E-06

9¢



INDEX 2

.020
L0645
.070
.095
.120
.145
170
.195
.220
.245
.270
.295
320
. 345
.370
.395
.420
L4045
470
L495
.520
.545
.570
.595
.620
L6645
.670
.695
+ 720
.745
.770
.795
.820
.845
.870
.895
.920
.945
.970
.995

TEMP

300.

300.

300.

300.

349,

427,

510.

597.

684,

769,

853,

934,
1014,
1090,
1165,
123R,
1307,
1374,
1436,
1405,
1549,
1598,
1643,
16864,
1720.
1751.
1779,
1807,
1821,
1835,
1847,
1855.
1860.
1863,
1865,
1866,
1866,
1866,
1865,
1864,

CH4

«R54F=-0]
+B855E-01
JR54E-0)
B4T7E<0)
«B35€-01
.820E=01
.8072F-0)
+783E-01
«762F-01
s T4NE=01
JT14E<0]
.685E-01
L654E-01
«622FE=0]
«SRRE=01]
.553E=-0]
.516E=01
LLTTE=-01
«435E-01
«390F=0)
«3472E-01
«293E=0)
W 244E =0
L 19/E=0)
«151€-01
«111E=01
e 162E=07
J493E=02
«299E-02
«173E-07
«9THE=0
«559E=03
«32RF=01
.189E-03
«967F =04
«361E-04

TABLE A-3. - Smoothed composition profiles for the species unrelated to the inhibitor in flame IV

Cco

«196E<02
«211E=-02
273E-02
«343E-02
«423E-02
«S13E=-02
«613E-02
724E<-02
«B4lE-02
«9IT6E=-02
«113E-01
«130E-01
«150E-01
J172E=-01
«197E-01
«223E-01
.250£-01
«2T9E-01
«310E-01
«343E-01
«379E-01
L4l6E-0]
«450E=-01
+4BlE-Q]
«507E~01
«525E=~01
«536E-01
«539E-01
«535F-01
«524E-01
«509E-01
«491E=-01
W4TlE=0]
«451E-01
J432E-01
J414E-0]
+398E-01
«384E-01
«373E-01
«363E-01

coz2

«324E-03
«H16E-03
«RBOE-03
«117E-02
«167E-02
«184E=-02
.227E-02
«27BE=02
«337€-02
«406E-02
«4BTE-02
«585E-02
« 704E~02
«B43E~-02
«100E-01
«118E=-01
«136E-01
«155E-01
«175E-01
«197E-01
«220E=01
«246E=-01
«275€E-01
+307E-01
«340E-01
«374E-01
«408E-01
«443E-01
«4T7E-01
«512E-01
«546E-01
«S77E-01
«604E-01
«627E-01
«646E-01
«662E-01
«HT9E-01
«695E=-01
«712E-01
«727E-01

«129€-05
«286E=-05
«425F=05
.5156-05
«539E-05
«S30E-05
+609E-05
«979F =05
.187€-04
«344FE =04
«STSE=-04
«BTIE=-04
«122€-03
«163F-03
«212F=-03
«273E-03
+34BE-03
«439E-03
«544E=03
«666E=-03
«819E-03
«104E=~02
«139€E-02
«192F=02
«266E=02
«361F=02
J4T1E-02
.585F=02
+695€=02
« 7194E=-02
«BT9F =02
«954E=02
.102F-01
«107F=-01
«112F=01
«116FE-01
+118E-01
.120F-01
«122E-01
«123E-01

H20

.503E-02
«H3LE=-02
.783E-02
«954E-02
.115€=-01
+136E-01
.158E-01
«182E-01
.207E-01
«235E-01
+268E-01
+306E-01
«351€E=-01
«400E-01
«453E-01
«507€-01
.561E-01
«615E-01
«671E-01
. 731E-01
+798E-01
«BT2E-01
+951E=01
+103E+00
+111E+00
+119E+00
«126E+00
.133FE+00
«138E+00
«143E+00
«147E+00
«150E+00
«152E+00
+153E+00
«154E+00
«153E+00
«153€E+00
+153E+00
«153E+00
+153E+00

MOLE FRACTION

OH

«665E=-04
.103E-03
+139E-03
«172E=03
+197E-03
«214E-03
«226E=-03
+235E-03
«248E=-03
«279E=-03
«350E-03
«492E-03
. T46E-03
+115E-02
«175E=-02
«258E=-02
«362E-02
+4B6E-02
«621E=02
. 757E=-02
«B81E=-02
«983E~02
«106E-01
«110E=-01
«113E-01
«115E-01
«116E=-01
«117€-01
«11BE=01
«119E-01

A

+6B4E+00
+679E+00
+675E+00
.672E+00
«671E+00
+670E+00
+670E+00
+670E+00
+670E+00
«669E+00
«669E+00
+66TE+00
+666E+00
«663E+00
«660E+00
+6STE«00
+654E4+00
«652E+00
.650E+00
«648E+00
+646E+00
«643E+00
«640E+00
+637E+00
+635E+00
+632E+00
+630E+00
+626E+00
+623E+00
+619E+00
«615E400
«613E+00
.612E+00
.612E+00
+613E+00
«615E+00
«616E+00
.617E+00
«617E+00
+617E+00

H2

+829E=-02
«883E-02
«942E-02
«100E-01
«107E=-01
«113E-01
«120E-01
«127€-01
«134E=-01
«141E-01
«148E-01
+156E-01
«163E-01
«170E=-01
«177E-01
«.185E-01
«193E-01
.201E-01
«210E-01
.219E=-01
«228E=-01
.235E-01
«240E-01
. 242€E-01
«241E-01
.237E-01
«230E-01
+220€E-01
+210E-01
«198E-01
.187E-01
#ITTE=0]
«168E-01
«160E-01
«154E-01
«149€E-01
« 144E-01
«141E-01
«138E-01
+136E-01

02

.203E+00
+205E+00
«206E+00
+205E+00
«204E+00
.201E+00
+198E+00
«195€E+00
«191E+00
«.187E+00
+182E4+00
«178E+00
«173E+00
«168E+00
«162E+00
+156E+00
+150E+00
o 144E+00
«137E+00
+129€+00
«121E+00
«113E+00
«104E+00
+945E-01
.856E-01
«7T72E-01
«69T7E=01
«633E-01
+580E-01
«537E-01
.501E-01
«4T2E=-01
W44TE=-0]
+426E-01
+408E-01
«394E-01
.382E-01
«372E-01
«364E-01
+357E-01

«350E-04
«102E-03
«202E-03
«329E-03
«4T7E-03
«662E-03
«930E-03
+135€-02
«197E=02
+280E=-02
«379E-02
«485E=-02
+585E-02
«671E-02
. 738E-02
«787E-02
«821E-02
+B44E-02
«B60E-02
«872E-02
«B82E~02
«890E-02

H2CO

0,
00

.523E-06
«362E=-05
. 735€-05
J121E=04
o 174E-04
«226E=04
279E=-04
.331F-04
«383E-04
L434E-04
J4BGF-04
«533E-04
«SB4E-04
L643F =04
.735E-04
+860E-04
«992E-04
.112E-03
«127FE-03
+147E=-03
«171E=-03
+195€-03
«220E-03
«223E-03
«196F=013
+163E-03
+132E-03
+993E-04
«617E=-04
«272E=04
«445E-05

ocococococcoco

e o o o o o

CH3

.345E-05
.776E-05
121E-04
L164E-06
+207E-04
.250E-04
«293E-04
.336E-04
+380E-04
L423E-04
L463E-04
L499E-04
W544E-04
L661E-04
.105€-03
.192€-03
.317€-03
L456E-03
+636E-03
.912E-03
.128E-02
.170E-02
.208F-02
.232E-02
.233E-02
L206E-02
160E-02
L1126-02
.727€-03
+445E-03
.265E-03
+164E-03
.106E-03
L618E-04
«239E-04

L€



INDEX 2

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
165
150
155
160
165
170
175
180
185
190
195
200

020
045
.070
« 095
.120
165
ok T0
«195
.220
. 245
.270
« 295
+320
« 345
«370
«395
420
Jaa65
470
+495
«520
«545
570
395
.620
+ 645
.670
+695
. 720
« LD
« 170
« 795
«H820
. 845
870
«B95
920
«945
970
+ 995

TFMP

300.

300.

300.

300,

349,

427,

510.

5917,

6KG,

763,

X583,

934,
1014,
1090,
1165,
1238,
1307.
1374,
1436,
1495,
1549,
1598,
1643,
1684,
1720.
1751
1779,
1802,
1821,
1835,
1847,
1855,
1860,
1863,
1865.
1866,
18656,
1866,
1865.
1864,

CF KR

«109E<-01
+109E<01
L109F=01
.109E<01
109K =0
+109F=-0])
2« 1069k <01
«109F =01
«109F<0]
L110E-01
<110F=01
+110F=01
+10RF=0)
«106F=01
s101E<01
«94AE=0?
BbHAE=N2
JTT2F=02
«6ASF =07
«551E=-07
433k =02
. 321E-0?
.221FE=07
L160F-02
«B0O1E=073
W412E-03
+186F=073
«T03F =04
«192E=04
L152FK=-08

0.

TABLE A-4.

T
L1 76FE-02
J21eF=02
e P”D3E-02
CP9YE-0?
«351E=02
«40BE-02
JuT1E=-02
J540E-0?
hlaE-p2
LH94F =02
W IB1E=0?
«HITE=-02
L9T9E=02
slU9F=N1
«120F =01
«132F-01
J1G4E-01
«156E-01
.10695-01
«182E-01
1948201
«207E-01
«217E-01
W22TE-D]
W234E-01
2« 240FE =01
W 244E-01
J24TE-D]
JPUBE-01
«250E=-01
«251E-01
o P92E-01
.?53E-01
«?55E-01
e 256E-01
.257E=-01
«258E-01
.260E-01
«260E=-01

Smoothed composition profiles for

the

species related to the inhibitor in flame IV

AKKR

. 317E-04
«465E=04
JH41E-04
JATOE-04
«115E-03
+1506-03
«195FE-03
«?53E-03
. 326E-03
«4(0E=-03
J4T6E=03
«O5TE-03
«h4SE=03
«7H0E-03
+HHEI1E-03
«IYHE-03
.110E=-02
«119E-02
.127€=-02
«134E-02
«139E-02
+139€=-02
. 134E-02
J124E-0Q2
+109€E-02
JHI3E-(3
«5B1E=03
+495E=-03
«35RE-03
«266E-03
. 206E-03
+165E-03
+138E-03
+119E-03
+108E-03
+101E-03
«964E-04
«J41E-04
+921E-04
«RIBE=-04

BR

«215E=02
2T8F =02
«349F =02
«425F =02
«S04E=-02
.5B3F=-02
«661E=02
«734F =02
«B01E=02
«B63E=-02
«919F =02
«969F =02
«101F=01
.105E=01
+108E-01
.110E=01
«111E=-01
«112E-01
«112€-01
«1126-01
«112€-01
«112E-01
«112F=01
«112E-01
«1126-01
«112E-01

CH3BR

.797E=-05
+938E=-05
.115E=04
« 154E=-04
.211E=04
«2TBE=04
+353E-04
J443E=-04
«55BE=-04
LT07E-06
LA90E=-04
.110E-03
+133E-03
«158E-03
.181F-03
«202E-03
«216E=-03
«222E=03
.219E=03
+204E-03
.176E=-03
+139€-03
+98BE=04
LH4TE=04
J4l11E=-06
P6RE=04
«171E~04
«104E=04
+703E=-05
«H03E~-05
«509E-05
«302E-05
«72BE=~06

MOLE FRACTION

HCO

F2co

W 224E-04
+320E-04
J422E-04
«S46E-04
«T11E=-04
«934E-04
«123E-03
.161E-03
«207E=03
«26h2E-03
«324E-03
«394E-03
L4T0F=03
«552E-03
.639E-03
«732E-03
.8326-03
«938E-03
.105€E-02
+118E-02
.130€E-02
«143E-02
«154E-02
«164E-02
«172E-02
«178E=-02
«181E=-02
.182€-02
.181E-02
+178E=-02
J174E-02
«168E-02
«163FE=-02
«157€E-02
«151€E=-02
J146E-02
«141E-02
+137€E=-02
«133E-02
«129€-02

CH2CF 2

«432E-04
«553E~-04
«595E=-04
«62TE-04
«691E-04
«B825E=-04
.103E-03
J127E-03
+154E=-03
J189E-03
«235E-03
+294E-03
«367E-03
+450E-03
+534E-03
«615E-03
«704E-03
.806E-03
+903E-03
«970E-03
«997E-03
«971E-03
+B865E-03
«691E-03
+S06E-03
«347E=03
«222E-03
+133E-03
« 12BE=04
«311E-04
+713E-05

0'

0.

HO2

BR2

«915E-05
+106E-04
«122E-04
+139E-04
«157E-04
«177E-04
«199E-04
«221E=-04
«241E=04
«257E=-04
«262E-04
e 249E-04
«218BE=-04
«179E-04
«143E-04
«114E-04
+901E=-05
«701E-05
+533E-05
+404E=-05
«323E-05
+273E=05
«229E-05
.183E-05
+142E-05
.107E-05
« 7TS4E=-06
J468E-06
«219E=-06
J404E=07

0.

0.

0.

0.

0.

CF3H

«191E-06
+H6T7E=-06
+139F =05
+220E=-05
«319€-05
+4STE=-05
+629F-05
. 791€E-05
+928E-05
+110E-04
+137E=-04
«176E-04
«219F=04
«260E-04
+307E-04
«368F =04
+435E-04
«493E-04
+545€E-04
+601FE=04
+645F =04
+662E-04
+653F-04
«622E=-04
«ST2E-04
+S05E-04
«429E-04
«354E-04
+286F =04
«227E-04
.180E=-04
«143FE-04
.111E-04
« 194E=-05
+482E-0S
. 243E=-05
«105€£-05
.308E-06
0.

CF2

«314E-04

<S14E-04
«6STE=-04
«B43E-04
+10BE-03
+137E-03
+173E-03
«215E-03
«262E-03
«312E-03
«361E-03
+401E-03
+425E-03
.426E-03
«401E-03
+352E-03
.287E-03
«214E-03
<146E-03
«904E-04
«505E-04
+258E-04
«126E-04
+639E-05
+«357E-05
.205E-05
+103E-05
+359E-06
0.

8¢
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APPENDIX B.--FLAME SPECIES NET REACTION RATE PROFILES

This appendix contains a partial listing (every fifth value) of the net
reaction rate profiles determined for the species observed in the uninhibited
flame III and the inhibited flame IV containing 1.1% CF,Br. These net reac-
tion rates were computed according to equations A and B. A description of the
physical model for these computations, the method of computation, and a
detailed listing of the computer program can be found in reference 40. The
numbers under the column heading INDEX are used in the computer program to
identify each position. The Z column numbers are the distances, in centi-
meters, between the sampling probe tip and the burner surface. The TEMP
column numbers are a smoothed temperature profile, in kelvins, which has been
shifted to account for the probe cooling effect (5).- The remaining columns

1ist the net reaction rates, in units of mole cm ° sec™ -, for the species at
the head of the column. The values of the net reaction rates listed under the
argon column, A, are meaningless. These individual net reaction rates, K.,
are the starting point for the kinetic analyses of the flame.

The net reaction rate profiles are very sensitive to small local varia-
tions in the smoothed mole fraction profiles. While the order of magnitude
and the global variation of the net reaction rates are an accurate representa-
tion of the flame system chemistry, the local variations (bumps, glitches, and
shoulders) which appear in these rate profiles result from deviations in the
smoothed mole fraction profiles. When considered necessary, an effort has
been made to minimize local variations in the net reaction rates in the region
of the flame where they are used to compute reaction rate coefficients or
deduce mechanisms. Figures 8 and 9 in the text are plots of the reaction rate
profiles of the species indicated as obtained from this compilation. Certain
regions, for example, where the net reaction rate for CH, is positive close to
the burner, are not shown in the figures. Figures 11, 13, 15, 16, and 17 in
the text are plots based on these net reaction rates with local variations
removed. The flame region or temperature range over which a particular reac-
tion rate profile can be utilized is limited by the experimental data and the
curve-smoothing operation (5).

!Underlined numbers in parentheses refer to items in the list of references
preceding the appendixes.
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LIS
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130
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140
145
150
155
160
165
170
175
180

. 945

TEMP

349,

418,

496,

5179

667,

758,

857,

946,
1037.
1122,
1200,
1270,
1333,
1391.
1442,
1488,
1526.
1559.
1586,
1608,
1627,
1642,
1654,
1662,
1667.
1671,
1674,
1677.
1679,
1651,
16A1,
1581.
1641,
1610,
1679,
1678,

CHa

co

TABLE B-1. - Net reaction rate profiles for the species in flame III

coz2

«221E=04 -,241E-05 -,167E-05

«12RE-04
«B51FE-05
J4B4E=-05
«215E-05
«602E=-06A
«509E-06
s 157E=-06A
«1156-05
JT24FE =06
- 173E=-05
-.63RE-05
-.124E-04
-, 18B7F =04
=s241E=04
~.280E=00
-.304E-04
-.315E-0a
-.312F=04
- 294E=-04
- 261E=04
=.21AF=04
-, 167F =04
~.119E=-04
- T79E=-05
- 4HB5E-05
-.250E-05
-.125€-05
-, 769F =0A
- BA2E =04
-.130E=-0%
-, QuNF=0F
- 114K =0h
0.
0.
25

-+235E-05
-.137E-05
- 166E-06
-.1596-05
-.102E-05
-.307E-06
- 747E=-06

+100E-05
«367E-05
JHG1E=-05
«969E-05
<137E-04
«165E-04
«166E-04
¢ 157E=04
.160E=-04
1 76E-04
<199E=-04
«215E=-04
«21IE=04
«185E-04
«138E-04
. 790E-05
+180E-05

-.351E=05
- 134E<(>
-.937E-05
-.982E-05
-.935E=-05
-oRT3E-n5
-B55E-05
- H52E-05
-.B12E=-05
-eh92E-05
-507E-0>

-+190E=-05
-+.205E-05
-+219E-05
-.235E-05
-+255E-05
-+263E-05
-.261E-05
-+239E-05
-.198E-05
-«144E-05
-+100E-05
-.B42E-06
-e962E~06
-.947E-06
-.103E-06

.210E-05
«560E=-05
. 960F-05
«129€-04
. 146F-04
«142E-04
«120E-04
«906E-05
«HUHE-0S
+«S13E-05
«SUbE-05
«7116E-05
. 949E =05
«116E-04
J126E=-04
«1236-04
<105E-04
«7T73E-05
«462E-05
«220E-05

«604E=-05
«216E-05
«788E=-05
+109F-04
«126E-04
«144E-04
«165€E-04
«175FE =04
«154E-04
«993E-05
«321F=05
< T48E-06
«102F-05
«BOTF=0>
«165€=-04
«214E=-04
+202E-04
o 140E=-04
«651E-05

1

H20

~«310E-05 -,126E-04
-.251E-05 -,106E-04
-.216E-05 -,714E-05
-.215€-05 -,370E-05
-+320E=-05
-.536E-05
-.800F-05
-.102E-04
-.112E-04
-.115E-04
-.122F=-04
- 146F =04
-.187FE-04
-.228E=-04
- 243E-04
-, 216E=04
-.148E-04

-.B4TE-06

.S17E-06

-, 779E-06
-.430E-05
-.B66E-05
-.108E=-04
-.801E-05
-.589E-06

. 790E-05
«152E-04
«202E-04
«249E~04
«317E-04
«407E=-04
«493E-04
«542E=-04
«532E-04
«4T0E=04
+385E-04
«311E-04
.265E=-04
«236E-04
. 199E-04
.138E-04
«635E-05
«402E-06
«165E-05
«410E-07
«282E-05
«4T70E=-0S
«S40E=-05
«631E-05

NET REACTION RATE

OH

-.433E-06
-.293E-06
-.164E-06
-.199E-07

W T46E=Q7
.111E-06
«B46E-Q7
«433E-07
«342E-06
+RAB6E-06
. 169E-05
.268E-05
.368E-05
+445E-05
«482E-05
+465E-05
«393E-05
«2T0E-05
«107E-05
« 795E=-06
.273E-05
+454E-05
+600E=-05
+HBIE-0S
« 7T0BE=-0S
+HAS9E-05
+560E-05
.436E-05
«314E-05
+210E-05
«129E-05
«T137E-06
J4bTE=-06
«S00E-06
«7196E-06
+120E-05

A

+659E-06
+166E-05
«414E-05
+650E-05
+942E-0S
. 783E-05
+388E-05
+486E=-06
+330E-05
+398E-05
+530E-06
+499E-05
.105€E-04
.158E=-04
.208E-04
«219E-04
«152E-04
+999E=-06
+ 159E=-04
+293E-04
«355E-04
«338E-04
«261E-04
+163E-04
«7199E-05
J197E-05
«249E-05
«550E-05
.588E-05
+243E-05
«384E-05
«987€E-05
+110E-04
«508E-05S
«371E-05
.898E-05

H2

«462E-05
-.181E-05
-.210E-05
-.251E-05

02

«211E=-04
«134E-04
+820E-05
«2B2E-0S

-+.311E-05 -,592E-06
=+363E-05 -,606E-06

-.501E-05
-.63BE~-05
-.709E-05
=.564E-05

+228E=-05
«665E-05
«889E-05
+638E-05

-.687E=-06 -,158E-05
«794E-05 -,133E-04
+185E-04 ~,257E-04
.284E-04 -,359E-04
«353E-04 -,419E-04
+387E-04 -,436E-04

«392E-04

«374E=-04

«328E-04

«2L6E-04

«129€-04
-.579E-06
-.125E-04
-.201E-04
- 226E-04
~.,217E=-04
-.195E-04
- 17BE~04
-.167E-04
- 154E-04
-.132E-04
-+104E-04
- T73E-05

- 416E=04
-.372E-04
-e320E-04
- 2T4E-04
- 2U4E=04
-.230E-04
-.230E-04
-,234E=-04
-.236E-04
-.230E-04
~.213E-04
-.182E-04
~.132E-04
- 689E=-05
-.579E-06A

«328E-05
«267E~0S

-.592E~-05 ~,238E-05
-.511E-05 -,913E-05
-.483E-05 -,134E-04

0 H2C0
0. «136F =06
0. .109€=-06
0. -.191FE=-07
0. c4LLE=-0T
0. «340E-06
0. «345E=-06
-.1056-06 =-,257E-08
~.550E-06 -,129E-06
-.750E-06 L485E~07
~.944E-06 ,152E-06
~.151E-05 ,224E-06
~.237E-05 ,519E-06
-.333E-05 ,854E-06
~.414E-05 ,918E-06
-.463E-05 L789F-06
-.4B0E-05 L631E-06
- 4T0E=05 L422E~06
-.431E-05 L150E-06
~+e345E-05 =,193E-06
-+.191E-05 -,609E-06
«347E-06 =,908E-06
+«308E-05 -,904E-06
+576E~05 -,713E-06
o TT4E=05 =,574E-06
«AS2E-05 -,520E~06
«RO3E-05 =-,424F-06
«h61E-05 =,249E-06
«4B6E-05 =-,933E~07
+335E-05 -,281E=-07
«?2356-05 -,201E=-07
.181E-05 -,1R6E-07
«144E=05 =,209F=-07
«100E-05 =,196E-07
J462E-06 =,542E-08
-.148E-07 O,

-.204E-06 U,

CH3

- 4T0E=07
-.193E-06
-.366E-06
-.401E-06
-.302€-06
- 266E-06
- 444E-06
-.787E-06
-.101E-05
-.834E-06
-.197E-06

+T61E-06
+215E-05
+399E-05
«514E-05
+449E-05
.283E-05
.126E-05

-.440E-06
-+211E-05
-.281E-05
- 264E-05
-.238E-05
-.196E-05
-+115€-05
~.470E-06
-.263E-06
-.292E-06
-.268E-06
~.146F-06
-.292E-07

«852€-08
«138E-09

-.533E-08
-.218E-08
~.436E-08

o%



INDEX 7

10
15
20
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40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180

.070
. 095
«120
145
«170
«195
«220
. 245
«270
«295
320
. 345
370
«395
420
L4465
2470
495
520
545
+«57T0
+595
«620
« 645
.670
«h9S
. 720
. 745
« 770
« 195
820
845
.870
.895
«920
. 965

TABLE B-2. - Net reaction rate profiles for

CHa co

«943E-05 L100E-05
«235E-04 L.909E-06
W237F =06 =,969E-07
«109E=04 -,724E-06
WH1TE-05 -,683E-0K
«423E=05 -,B53E-n6
«405E=-05 -,226E-05
LATARE=05 =,291E-05
JU9RE=-05 =,409E-05
«343E=05 =-,549E-05
«114F=05 -,521E-05
«290F =06/ =,339E-05
«104E-0A =,139E-05
«179€-05 -,718E=-06
J44TE=05 -,157E-05
«b1RE-05 -,305E-05
+560NFE=-08 -,433E-05
. 253E-08 -,249E-05
L264TE-05 ,435E-05
«B64E-05 ,13KE-D4
J157F =04 L226FE-04
L23RF=04  L298E-04
«326E=04 ,343E-n4
«40RE-04  ,372E-04
<45RE=04 « 366E-04
f45AE=04  L330E-04
«398E =04 «PHHE-DNG
«303F=-04 ,185E-04
«20NE=04 L102E-04
«1156=04  ,2B4E-0S
«593E=05 -,319E-05
«313E-05 -,798E-05
c20AF =08 =, 117E=04
L172E-05 -,140F=-04
d13RF =08 =, 144F <00
J452F =0k -, 24E=D4

the species unrelated to the inhibitor in flame

Coe

«815E-06
«331E-06
J414E-06
+R13E-06
+109E-0S
«135E-05
.178E-05
«?56E-05
«359€-05
s454E=05
«4BBE-0S
«432E-05
. 300E-05
«152E-05
«H0BE-06
«H24E=-06
«22BE=05
L4G4E-05
«H2LE-05
«HGTE-0S
«446E-05
«136E-06
. 3laE-05
«OO6E=-05
«621E=05
«AS1E=-05
«RO0E-05
«135E-04
«201E-04
«252€-04
«25BE-04
WPlaE=-06
«133E-04
«HHLE=-0S
e 363E-05
«411E-05

«3BYE=-07
«459F-07
.1276E-07
.110F-06
.362E=-06
«654F =06
«973F-06
«116E-05
«117F=05
«114E-05
«129E=05
«177F=05
«255F=05
«328FE=05
«360F=-05
«36KE=05
«4T3E=05
«BY91F=05
«181F =04
«318F=04
Ub4F -04
«555FE=-04
«533F=04
«382E-04
«143F=-04
«100FE-04
«2hBE=-04
e 329E =04
«309FE-04
W 2HGF =04
W2U2E-NG
«252E=04
2H6F =04
«POUE=04
«205F =04
«133F=04

H20

«132E-05
+H20E-06
-.172E=-05
-.181E-05
-.179E=-05
-.330E-05
-.719€-05
-.130E~-04
-.185E=-04
-.203E~04
-.167E=-04
-.854E-05
+393E-06
«573E=-05
«396E-05
-.443E-05
-.158E=04
-.251E=-04
-.2T1E=-04
-.194E-04
-275¢=05
L180E=-04
«368BE=-04
L489E=-04
«539E-04
.550E=-04
«569E=-04
«617E=04
JHT6E=(4
+H69BE~04
«632E-04
L463E=-04
«244E=-04
«350E-05
-.953E-05
-.126E=06

NET REACTION RATE

OH A
0. - 244E=-04
0. -.167E-04
0. -.916E-05

-.360E-08 -,449F-05
-.927E-07 -,890E-06
-.225%€-06 L170E-05
-.267E-06 ,.S510E-05
-.260E-06 ,883F-05
-.160E=-06 ,L141E-04
«954E-08 ,188E-04
«193E-06 ,185F-04
«321E-06 L119E-04
«354E-06 ,182E-05
«284E-06 =-,699FE-05
«997E-07 -,984E-05
-.274E-06 =,457F-05
-.982E-06 L,625E-05
-.217E-05 ,153E-04
-.389E-05 ,L166E-04
-.603E-05 L108FE-04
-«831E-05 .296F-05
-.104E-04 -,272E-05
-.116E-04 =,254E-05
-.115E=-04 .574E-05
=«911E=-05 .164E-04
-.425E-05 .172E-04
«262E-05 L,236E-05
«100E-04 -.232F-04
. 158E-04 -,487€-04
o 1R4E-04 -,629E-04
«173E-04 -,.591E-04
«133t-04 -.389E-04
«826E-05 =-.111E=-04
«3BBE-0S .124E-04
«102E-05 .237E-04
-.315€-06 L.230E-04

H2 02

«295E-05 L,221€E-04
«124E-04 ,259E-04
«882E-05 L,220E-04
-.266E-08 ,113E-04
-.250E-05 LAKB1E-0S
-+399E-05 ,394E-05
-.463E-05 L259E-05
-.467E-05 L205E-05
=.456E-05 L161E-05
-+410E-05 L139E-05
-+399E-05 L108E-05
-.486E-05 ,127E-05
-.705E-05 ,248E-05
-.999€E-05 ,L457E-05
-.122E-04 ,702E-05
-.115E-04 ,B99E-0S
=.611E-05 ,994E-05
J4T4E=-05 ,926E-05
«199E-04 ,602E-05
«365E-04 -,996E-06
«509€E-04 -,121E-04
«596E-04 -,263E-04
«605E-04 =,413E-04
«537E-04 =-,539E-04
+408E-04 =-,613E-04
«249E-04 -,617E=-04
«853E-05 -,554E-04
=+609E-05 =-,451E-04
-.179E-04 ~-,.347E-04
-.262E-04 - ,273E-04
-+306E-04 -,235E-04
-+308E-04 -,215E-04
- 275E-04 =-,189E=-04
-.223E-04 -,150F-04
-.172E-04 =-,111E-04
-.137E-04 -,906E-05

v

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

- 426E-06

-+ 145E-05

-4 194E-05

-.188E-05

-.147E-05

-.136E-05

-.?50E-05

-.535E-05

-.924E-05

~.124E-04

~.126E-04

-+897E-05

-.214E-05
+558E-05
.116E-04
«143E-04
.138E-04
«112E-04
«R04E=-05
«536E-05
«344E-0S
.216E=-05

H2COo

-.117€=~07
-.202E-08
=-.390E-0R
=.109€-08
«517€-08
+653E=-08
+653E-08
+805E-08
+100F=07
«974E=-0R
. 788E-08
«245F=-08
«242E-07
- 124E=07
=.675FE=-07
~.475E-08

«217€E-07
-.508E-07
~.131E-06
=«594E-07

«114E-07

+173F=06

. T46E=-06

+896F-06

«269FE=-06
-.935€-07
-.190€E-07

«361E-07
-.207E=-06
=.520E-06
-.595€E-06
=.257E=06
~.152€-07

'
0,
0,

CH3

«143E-07
«148E-07
«932E-08
+608E-08
.523E-08
«430E-08
.666E-08
«136E-07
+846E-08
-+513E-07
-.327E-06
-.996E-06
-.157€E-05
-.123E-05
-.7129E-06
-.175E-05
=-+349E-05
-.338E-05
-.105E-05
.253F-05
.721E-05
+116E-04
«124E-04
. 789E-05
«H646E-06
-.470E-05
-.635E-05
-«579€-05
~.436E-05
-.250E-05
-+103E-05
-.54TE-06
-.877€-06
-.905€-06
-+248E-06
0.
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S50

80

110
11>
120
125
130
135
140
145
150
155
160
165
170
175
180

TEuP

300,
300.
365,
427.
510,
597,
6K4,
769,
853,
934,

1014,
1090,
1165,
1238,
1307.
1374,
1436,
1495,
1549,
159%.
1643,
1614,
1720.
1751,
1779,
1807,
1821,
1835,
1847,
1855,
1560,
1863,
1865,
1866,
1866,
1866,

CF 3w

~.372F=0F
-.216F =08
= 237F =058
-.10RE=0S
-.593F =0F
-.2BAE=0A
J177F =07
«361E=0-
«BTHE=0F
s lG4AE=08
«191E=04
213 =05
«207E=05
. 175E=08
L120E=05
C491F =04
-~ 432b=0A
-.1h4r =05
=307F=0%
-l 7r=Ug8
-.545F =04
= 5hUE =05
-.512t=0%
-399F =05
- 269k =05
- 154E=05
- HeAE=NF
- 3H3F =0k
- 825E=07
-.199F-0x
0.
0.
0.
0.
0.
0.

- Net reaction rate

profiles for the species related to the inhibitor in flame IV

TABLE B=-3.

HF HHER
«SY9B8FE=0h J219FE-07
JSBBE=NA (HIRE-0H

=, 76nF =07 =,390e-07
— 4lTE=(h =,902F=07
-.863F -0k -,13726-06
-oh4SFah -, 107E=-06
- I81E-0R =,201E=-07
- 101F=05  L473E-07
- 127E=05  JR0PE=-0R
~1425-05 =, 141E=-06
- 132E-0% -,2723E-06
-.900F=0h -, 313E=-07
-.316E-05 . 321E-06
«JAVE=Dh  L490E-06
J4lTE-06  L4l?E-06
f4IUE-06 L 369E-06
W T39E=06  (5H4E-06
+153F=nS (9KNE-06
«303E-05 L130E-05
«50KE=05 +145E-05
o 124E-05 J151E-05
«I11IE=05  L145E-05
«102F =04 (IHB4E-06
10 3E=04 =,358E-07
«933E-05 -,120E-05
C137E-05 =,182E=05
SW93E=-05 -, 171E=05
«298FE=05 -,124E=-05
W IB2E=0h =, 796E=06
«?57TE=06 =,529E-06
«597E =0k -,379E-06
«430E=-06 -,2bKE=-06
«?33E=07 -.177E=-06
.636E-06 -, 115E-06
HBSE=0h =,HRTE=0T
«909E-06 =,212E-07

HR

0.

0.

Ve

=e5525-07
=~ 3764F =06
=hI7E =06
-.913F=06
- 109F =05
- 119F =05
—el4r=05"
-.176F =05
-e122F=05
-.105F=05
-.703F=06
-.145F=-06

«SR0F=06
«139F =05
«21H8F =05
W CH2F =05
«319F=0>
« 326F =05
«313E-05
«302F=0>
e 314F =05
«36HF=05
< 3BOE=05
«37TF=05
«32¢F =05
W 229F=0>
«1728E=0S
+S06E=-06
«960F =07
LlG1F=07
«193F=07
«h32F=07
«H31E=-07

-.136E-08
- 4T3E=09
-.103E-08
-.103FE-08
- 165E=08
-~ 186E=07
-.264E=07
- 250E=07
- 146E=07
.120E=-08
. 226E=-07
«SSKRE=07
.103E=-06
.151E=-06
«192E-06
W 224E=06
24TE=06
«239E-06
< 15AF =06
-.176E-07
-.206E=06
-.29RE=06
- 25HF=06
-.160E=06
- 104F=06
-.908E=07
- bl0E=07
-.825E-08
JAT2E=07
-.320E=-0R
-.341E=07
-.222E=07
-.192FE-08

Ne
Ne
0.

NET REACTION RATE

Fa2co

«181E=-07

-.281E-09
= 219E=07
-415E-07
- 498E-07
- 499E-07
- 422E-07
=.298E-07
-+ 136E-07

+494FE-08
.236E-07
J400E-07
<49BE-07
«498E-07
J443E-07
W494E=-07
+BBZ2E-07
«181E-06
«330E-06
+S10E-06
«676E-06
L TE2E=-06
+B0RE=-06
« T65E=-06
«6B4E=-06
.583E-06
«463E-06
«318E=-06
«154F =06

-459FE-08
-.126F =06
-.194E-06
-.216E-06
-.211E=-06
-.196E-06
- 174F=06

CH2CF2

+207€E=-07

-« 196E-07
- 4T2E-07
-.420E-07
- 114E=-07
-.143E-07
-.632E-07
-.103E-06
-.120E-06
-.114E=-06
- 266E=-07

«122E-06
«158E-06
.157E=-07
«153E-07
«342E=-06
«820E-06
«107E-05
«136E-05
«168E-05
«121E-05

=, 196E=07
-.931E-06
-.118BE=-0S
- 114E-05
-.916E-06
-65T7TE=06
=.554E-06
- 451E-06
-.208E-06
-+309E-07
0.
[V
0.
0.
0.

BRr2

«4356-08
«229E-08
- LTTE=09
-.998E=~10
«156E-08
J417E-08
.R14E-08
«154E-07
«230E~-07
«210E-07
«AS1E-08
-.909E-08
-+152E=-07
-.114E-07
-«910E-08
-.103E=-07
-.111E-07
-«112E=-07
-.759E-08
=-+285E-08
-+115€=-08
-.185E-08
-.214E-08
-.169E-08
-e143E-08
-.159E-08
-+233E-08
-.283E-08
-+130E~-08

=«R90E~-10 =,230E-07

0.

CFe

-.192€-07

«100E-08
.328BE-08
.382E-08

-.597F-08
-.235E-07
-, 429E-07
-.604E-07
-« 750E-07
-.871E-07
-.952E-07
-.917E-07
-+.616E-07

+135F-07
«147E-06
«333E-06
+541E-06
.708E-06
+167TE-06
«669E-06
+416E-06
.682E-07

= 2T7E-06
-.526E-06
-e624E-06
=.575E-06
- 434E-06
-.269E-06
-.137E-06
-.573F-07
-.238E-07
-.152E=-07
-.131E-07
-.935€E-08
-.273E-08
0.
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APPENDIX C.--LIST OF SYMBOLS

Symbol Units

A -

amu -

T cm® sec’!

Gi =

]-111 -

K -

K, moles cm ® sec™!

k, sec ! (1st order)

cm® mole™! sec ! (2d order)
cm® mole ® sec ! (3d order)

k -

Ty

M, g mole !

RRK -

T K

v cm sec !

Xi =)

z cm

o g cm °

«U.S. GOVERNMENT PRINTING OFFICE: 1978-703-103/70

Definition
Area expansion ratio.
Atomic mass units.

Binary diffusion coefficient of
species i with argon.

Fractional mass flux of species 1i.

Mass spectral intensity at mass m.

Degrees kelvin.

Net reaction rate of species 1i.

Chemical reaction rate coefficient of
reaction j.

Thermal diffusion ratio of species i.

Gram molecular weight of species 1i.

Rice-Ramsperger-Kassel theory of
unimolecular reactions.

Temperature.
Bulk flow velocity.
Mole fraction of species i.

Perpendicular distance from the burner
surface to sampling probe tip.

Mean mass density.
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