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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 13 

by 

Joan C. !3iordi,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

4 
-21.2% 02 -67.6% Ar-1,1% CF3 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, CF3 Br 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 CF2 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 (~, l-~)5 we have reported on the general charac­
ter of the microstructure of low-pressure methane flames containing a small 
amount of C~3 Br and on the detailed kinetics and mechanisms for a flame 

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

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

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

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

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



2 

containing 0.3% CF
3 

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 CF3 

radical despite the ability to detect and measure other flame radicals with 
mole fractions of 10- 4 to 10- 5 

• 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 CF3 Br to improve our chances of observing the CF3 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 
CJ4-02 -Ar flame, and a flame of similar stoichiometry containing initially 
1.1% CF3 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- 1 for the clean flame was found to give satisfac­
torily stable (for quantitative microstructure determinations) inhibited 
flames when the CF3 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 (j:, 1-.§). Only departures from previously described procedures 
will be given here. 

The formaldehyde profiles, determined at 30 amu, were corrected for C18 0. 
The expression used for the correction is ½o ( H c O ) = ½o - (18 0/1 6 0) I28 , 

where (18 0/1 6 0) is the ratio of the natural isotopic abundance of 18 0 to 16 0 
and I is the measured mass spectral intensity of mass 30 and mass 28 (C16 0) as 
indicated. This correction was not made in previously reported profiles for 
~CO (2-~) . The effect of this correction to flames I and II, the clean and 
0 . 3% CF3 Br flames, respectively, was to reduce the maximum ¾z c O by 15% in 
flame I and 25% in flame II and to eliminate the apparent residual ~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 t wo 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-10% rhodium thermocouples coated with 
silica to minimize surface radical recombination. A temperature correction 
was made for the radiant energy loss of the thermocouple. 
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TABLE 1. - Characteristics of flames examined at 0.042 atm 

Flame I Flame II Flame III Flame IV 
Flow, g sec- 1 : 

CH ••••• . . . . . . . . . . . . . . . . . . . . . 
4 

02 ............ .. .... .. .. .. ... 
0.0182 
0.0763 

0.0182 
0.0765 

0.0107 
0.0456 

0.0108 
0.0455 

Ar .......... _. .... ············ 0,3005 0 .3002 o.1811 0.1808 
CF Br .................... .. ..

3 
C~ ..................mole-pct .. 

0 
10,3 

0.0047 
10.3 

0 
10.1 

0.0110 
10.1 

02 ........... . .......mole-pct .. 21.6 21.6 21.5 21. 2 
Ar ...................mole-pct .. 68.1 67.8 68-4 67.6 
CF Br ..... .. .........mole-pct ..

3 
.................. cm sec- 1 ..Vo 1 

0 
79.3 

0.3 
79.5 

0 
47.6 

1.1 
48.0 

'J;.ax2••·····•··••·••····•·••K•· 1,868 1,911 1,781 1,966 
T d 3 •••••••••••••••••••••••• K.. 2,379 2,374 2,375 2,358
!A ............................. l.o+0.13z l.0+0.13z l.o+0.35z l.0+0.35z 

1 Calculated using Tin !tial = 298 K. 
2As determined in the absence of the sampling probe (5). 
3 Calculated adiabatic flame temperature. -
4 Area expansion ratio (dimensionless) expressed as a function of distance from 

the burner surface, z, in centimeters, for 0<:z< l cm. 

Mass spectral sensitivities for C% Br, CH2CF2 , F2CO, HF, and Br in the 
1.1% CF3 Br flame were determined by direct comparison with the flame contain­
ing initially 0.3% CF3 Br. That is, the 0.3% CF3 Br flame served as the cali­
bration standard for the named species in the 1.1% CF3 Br flame. For C% Br 
(±10%), C~CF2 (±2%), and F2 C0 (±18%), the relative ionization cross-section 
calculations were also performed in the manner previously described (2) 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% CF3 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 CF3 Br, the initial points of the profile were set equal to the known, 
initial CF3 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 CF3 Br and Ar, and the 
possible temperature effects on the CF3 Br fragment ation pattern. Both of 
these effects are quantitatively unknown, but since the temperature ove r the 
initial portion of the profile reaches 900 K, the procedure adopt ed essen­
tially corrects for them up to that temperature. 

In add ition to the CF2 radical (Q), t wo other previously unobserved 
species, CF3 H and Br2 , were observed and measure d. CF3 H was monitore d as CHF; 
at mass 51, corrected for 13C contributions from C~ a t mass 50. The latter 
ion is formed from several other inhibited flame species. At the position in 
the flame for which CF3 H is a maximum, these corrections amounted to 10% of 
the observed intensity at 51 amu. An ionization ef fici e nc y curve for 51 amu 
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determined at the maximum yielded an appeara nce potential of 15.4±0.5 e v . The 
lowest reported a ppearance pot e ntial for CHFt from CF3 H is 15.75 ev (36). 
Other compounds (21) for which CHE; appeara nce potentials h ave been report e d 
can be e limina ted-,-either on the b a sis of their a ppeara nce potentials or 
because of l a ck of supporting mass spectral evidence for their e x isten,-:. e in 
this flame. Lifshitz and Long (35) calculated a value of 15.7 ev for CH~ 
from CH2 CF2 , 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 m~ss 64 and mass 51, determined simultaneously in order to test 
this conc lusion, are sufficiently different to insure that they tlerive fro~ 
different species. The cross-section technique (Q) was used to estimate the 
CF3 H concentra tion. Two calculations were made, one with the compa rison ion 
C~ at 50 amu from CF3 Br, and one with FCO+ at 47 amu from F2 CO . The results 
were the same to ± 10%. 

Br2 wa s identified by its cha racteristic triplet at 158-160-162 amu, a 
feature not observed in the mass spectrum of CF3 Br or HBr. The uncertainty in 
the absolute concentration of Br2 is large because of the need to estimate a 
partial ioniz a tion cross section for CF3 Br+ , the only possible compa rison ion 
to minimize discrimination in the mass filter. The calculated v a lue for 
X8 r (max), ~ 3 xl0- 5 

, is probably good only to within an order of magnitude. 
2 

The phys ica l model a nd computa tiona l techni qu es used to a n a ly ze the pro­
file da ta as well as a progr am listing a nd output for one flame have been 
published (40). From the concentration profiles, profiles of fr actional mass 
flux, G; , are calculated for each species according to the equation 

(A) 

where z is the perpendicular dista nce from the burner surface, Xt de not es mole 
fraction, M; molecular we i ght, D1 _ Ar the binary diffusion coefficient with 
a r gon, k 1 i the binary the rmal diffusion ratio with a rgon, a nd v the a v e r age 
bulk flow velocity. Individua l species net reaction rates, the sum of the 
rates of a ll reac tions forming a nd all reac tions consuming a given species, 
a r e calcula t e d as 

(B) 

wh e r e 0 
0 

and v 0 a r e the cold gas density and v eloc ity, respectively, and A is 
the area expans ion ratio. These net reaction rates, toge ther with the concen­
trat ions a nd temperatures at each position in the flame, a re the starting 
point from which kinetic a n a l yses a nd deductions a bout mechanisms are made. 

App lica tion of the requirements of conse rva tion of ma tter a t the atomic 
l e v e l provides a t est of the int e rna l cons i s t e ncy and a ccuracy of the conc e n­
tra tion profiles a nd their reduction to flux profiles (Q). At each p oint in 
the fl ame the dev i a tion of the net flux of any a tomic s pec i es fr om its known 
inlet flux should b e zero. Figur e 1 shows the deviation in percent for C, H, 
and O in flames III a nd IV, and for F a nd Br in flame IV. Figure 1D is the 
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result of a calculation for 
flame IV in which k r was set 
equal to zero. This calcu­
lation suggests that part of 
the reason for the low F and 
Br flux at low values of z, 
where the CF3 Br profile is 
nearly flat, is an error in 
evaluation of the thennal 
diffusion flux for the inhib­
itor. Whether this is due 
primarily to the use of 
unrealistic molecular param­
eters (40) in calculating k r 
for CF3 Br or in probe pertur­
bation to the temperature 
gradient close to the burner 
surface is not known. In 
the region of the flame 
where the magnitude of the 
CF3 Br net reaction rate is 
near its maximum, T---1,650 K, 
and at higher temperatures, 
the thermal diffusion term 
makes a negligible differ ­
ence in Kc F-:, 3 " • Thus, calcu­
lations of -reaction rate 
coefficients involving CF3 Br 
in this part of the flame are 
not strongly affected by the 
modeling of thennal diffusion. 
At lower temperature--for 
example, at 1,400 K where 
IKc F - 3 C I~o . 11 Kc ' - :< C IC. • X - - the 
magnltude of the net reac-
tion r ate is about 50% highe r 
with k r = 0. 

The broa d, qualitative description of the complex expe riment a l a nd ana ­
lytical procedures used to gather the da ta of this report is admittedly writt en 
for readers f amiliar with the conventional technique of flame microstructure 
and with our pre vious communications on this subject. Further information on 
conventional techniques is available e lsewhe r e (~). The details of our exper ­
iments have been published with respect to construction of the burner, probe, 
and detector and their performance (1), t emperature me a surements (1), the prob­
lem of probe pe rturbation to the fl ame (2), the identifica tion and measurement 
of radical species in the fl ame (34), da t a reduction t echniques (40), and 
applicability of these techniques to the determination of r a t e coefficients 
for reactions occ urring in fl ames (l, .1:Q). 
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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 flarre IV 
containing 1.1% CF3 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 (l)· 

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 da ta points. The H, 0 , and OH profiles shown here appear 
to be inconveniently truncated at z = 1 cm . Ex tended profiles of these species 
are given in reference 9. No attempt was made to measure the radicals HCO and 
H02 in either flame, a lthough 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% CF3 Br initially shows them to be 
three to four times greater in the latter flame. This corresponds roughly to 
the ratio of initial CF3 Br concentrations and implies that there a re no marked 
changes in the mechanism of formation and decay of these species between the 
two inhibited flames . In detail, of course, this must depend upon the rela­
tive temperature dependencies of the reactions involved. CF~H a nd Br2 have 
maximum mole fractions of 6.6 xl0- 5 and 2.6 x10- 5 

, respectively , in flame IV. 
They were not observed in the 0.3% CF3 Br flame, probably because one-third to 
one-fourth of these maxima is near the limit of detection for our appara tus as 
presently used. For the same reason, we could not unambiguously detect the 
CF3 radical in either flame. However, the observation of CF3 H provides a 
route for calculating the concentration profile for CF~ (11). This ca lcula­
tion gives a maximum mole fraction of CF3 of about 3 xlO- 5 -;ccurring at 
z = 0.52 cm in flame IV. Because the appearance potential for CFl from CF3 is 
only 2 ev less than that from CF3 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 CF3 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 r a te for each 
species, Ki (moles cm- 3 sec- 1 ), 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: 

(1) 

H + -+ OH + 0 (2)02 

CO+ OH-+ CO2 + H (3) 

c~ + o R.i CO + H (4) 

The details of these calculations have been discussed elsewhere (8, 10). The 
results are shown in figure 10, where log k J 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,q. and Co+OH. It is the case that the rate coefficient 
for H+CH,q. exhibits curvature above 1,000 K (§.., 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 
(Cl-4) being consumed by other significant reactions (Cl-J,g, + OH _, ~O + CHs) • 
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~ in each flame gives an 
activation energy consistent with recent results for this reaction in this 
temperature range (50). 

For flame IV, is calculated without consideration of the possiblek1 
interfering reaction 

Br + CI-4 _, HBr + c~ . (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 metha ne, using a rate coefficient 
determined in clean fl ames for k1 (~) and extrapolating a v a lue for¾ 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 

is calculated in flame IV. Similar considerations apply to the calculationk1 
of k.i, in flame IV. If in the inhibited flame there are significant new routes 
for methyl radical disappearance, then k.i, will be lower than calculated here. 
One possible reaction is 

and consideration of this reaction would reduce k4 by [ks(~ F / Xa )} at every
2point in flame IV. The ratio Xc F /Xa is 1 at 1,600 Kand ~ 0.02 at 1,800 K. 

A reasonable estimate for ks is 1t)1 3 cm3 mole- 1 sec- 1 , by analogy with a simi­
lar reaction involving methylene (33, 42), so¾ 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 (Cl4 , Oz , CO2 , CHs ) 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 O. 3% CF3 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 0.3% CF3 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 a s pronounced with the lower inhibitor concentration (2-~). 
These results are similar to those obtained by Wilson (52) for very lean 
CH.i,-Oz 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 Oare 
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 [OJ in the lean flame. 6 In the nearly stoichiometric clean 
flames studied here, His the chain carrier in greatest concentration every­
where in the fla~, 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 CF3 Br or HBr on the radical species concentration in 
lean flames. 

An examination (1) of the effect of CF3 Br on the concentrations of the 
principal radical species, H, 0, and OH, reveals that, for flames containing 
0.3% CF3 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% CF3 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 Hia/02 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 CJ\ 
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 C"lf:3 is formed at a faster rate than in the 
clean flames. The principal reaction removing Clfs, reaction 4, is not temper­
ature dependent so its rate of decay is about the same in both flames. (At 
the peak Xc H in each flame, the concentration of O atoms is about the same.) 
The net effe1: t is a higher peak concentration for Clfs 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% CF3 Br flame. A reduction of formaldehyde 
peak concentration was observed for the flame containing 0.3% CF3 Br (~) 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 [ HiaCO] 
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 HiaCO is the difference 
between the overall rate of formation, Ki,, and the overall rate of decay, K.i_, 
of formaldehyde at that point in the flame 

6 "Flame" in the context of this discussion refers to the preheat and primary 
reaction zones, to O<z< l cm in the low-pressure studies. 
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If it is assumed that reaction 4 is the only significant process forming H2 CO, 
then 

Kr = k4 [C°ff:3 ][OJ 

¾ =k4 [C°ff:3][0] - ¾ co · (C) 
2 

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

H(O ,OH) + H2 CO ---+ ~ (OH ,H2 0) + HCO, (7) 

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

H2 CO + M - ~ + CO + M. (8) 

We can write 

H, 0, OH 

or (D)} 
where approximation is made that all of the abstracti on 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 ~ 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 ca lculated for reaction 7 was 26 kca l mole- 1 ; for 
reaction 8 it was 44 kcal mole- 1 . Such high ac tivation energies suggest that 
reaction 8 or a similar therma l decomposition reaction is responsible for a 
significant part of the dec ay of forma ldehyde, since the abstraction re a ctions 
have cha racteristica lly Ea ~2 - 4 kcal mole- 1 (1..§., 2J). This is not to say that 
abstraction reactions do not occur . Indeed, the fact that the activa tion 
energy calculated for reaction 8 is rather higher than previously measured sug­
gests that a ttributing a ll the H:eCO dec ay to reQction 8, as is done in the cal­
culation described here, overestimates ks. Our observa tions are consistent 
with a distribution between abstraction and thermal decomposition reactions 
first suggested by Peeters and Mahnen in their studies of le a n CJ\ - 02 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 fl ame, the inhibitor and/or its products of decomposition are 
thought to scavenge radicals efficiently and to compete with the normal chain­
propaga ting or bra nching reactions, delaying those reactions until the temper­
a ture ha s increased to a point where the inhibiting reactions can no longer 
compete . Much of the data we have obtained is consistent wi th this model. 
Examples are the directly observed reduction of cha in carrier concentrations 
in the low-temperature re gion of inhibited relative to clean flames, the early 
reaction of the inhibitor molecule relative to fuel, and the sh ifting to 
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net reaction rate of fuel 
and oxidant in the presence 
of inhibitor. However, the 
behavior of the inhibitor in 
the 1.1% CF3 Br flame rela­
tive to the 0.3% flame is 
not similarly consistent. 
In each case, the inhibitor 
begins to react and achieves 
its max imum rate of decay 
earlier (at lower z and T) 
tha n methane, but the CF3 Br 
reacts more rapidly at sig­
nificantly higher tempera­
ture in the 1 . 1% flame than 
in the O. 3% flame. Figure 13 
shows l\; F B r as a function 
of temperi ture in flames II 
and IV. Table 2 lists the 
temperatures at which the 
maximum r a tes of decay occur 
for metha ne and CF3 Br in all 
four flames examined. 
Flames I and III differ ini­
tia lly in mass flow rate 
only and hence the differ­
ence i n final flame temper­
ature (28). The temperature 
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TABLE 2. - Temperature for maximum rate of decay of fuel and inhibitor 
in 0.042 atm, nearly stoichiometric CJ:4-02 -Ar flames1 

Flame Initial [CF3 Br], % Tr 1 n a l T at IKcH l max 
4 

Tat IKcF Br l max 
3 

i ............. 
III ............. 
rI ............. 
IV ............. 

0 
0 
0.3 
1.1 

1,868 
1,781 
1,911 
1,966 

1,640 
1,570 
1,660 
1,790 

-
-

1,310 
1,675 

1 All 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, 0, and OH are smaller than in flame II (2), 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 CF3 Br 
and radicals, for example, 

H + CF3 Br _, HBr + CF3 , (9) 

are not the most important. Reaction 9 does occur and is still a significant 
reaction destroying CF3 Br in the flame, as will be discussed presently, but it 
is delayed to higher temperatures, just as reaction 1 is. 

Disappearance of CF3 Br 

In the 0.3% CF3 Br flame, it was found that at the maximum rate of dis­
appearance of CF3 Br, thermal decomposition could account for, at most, 8% of 
the decay rate. The rate coefficient, ki d , given by Benson and O'Neal (l) was 
used. Reaction with H atom to give HBr and CF3 was responsible for the dis­
appearance of CF3 Br, and a rate coefficient could be calculated. The result 
was given by exp(-9,460/RT) for 700<T<l,550 K. In the flame contain­2.2 xl014 

ing 1. 1% CF3 Br initially, at the maximum decay rate for CF3 Br, the predicted 
rate of thermal decomposition, ¾d (again using Benson and O'Neal's rate 
coefficient), is nearly 10 times greater than the observed net reaction rate, 
Jl<t d J B &o = lO J Kc F 3 Br J m ax · 

The value for the thermal decomposition rate coefficient recommended by 
Benson and O'Neal is from an RRK calculation and represents an attempt to 
calculate the limiting high-pressure value. The only experimental value for 
ki d , 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 CF3 Br disappears by thermal 
decomposition. 

Hydrogen atoms are present in the region of flame IV over the temperature 
range in which CF3 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 CF3 Br decay rate, if 
we assume the abstraction reaction alone is responsible for the decay, we cal­
culate a value of ka = 1. 6xHY· 3 cm3 mole- 1 sec- 1 , T = 1,666 K. The number 
agrees well with the value (l.3 xl01 3 ) extrapolated using the expression given 
earlier. 

Thus assigning the decay of CF3 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 CF3 Br decay for which l,600~T< l,800 K. 

It is reasonable to suppose that, in this flame, CF3 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 CF3 Br decay rate due to abstraction . Where the observed CF3 Br 
decay rate is greater than the calculated abstraction rate, we assign the 
difference to thermal decomposition. For '121,670 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

4 X 104 .---,----,----..---~-.....----.--.....------. temperatures lower than 
1,670 K, the abstraction 
reaction predicts a greaterI(.) 

Q) rate of CF3 Br decay than 
V) - observed, and so a meaning­... 

Sehon and Szwarc ful ls_ d cannot be calculated.~,,; At 1,600 K, for example, the 
1-­ observed Kc F 8 r is 75% of 
z I ',, that require~ if the abstrac­
w tion and thermal decomposi­Flame ::rsz: ',(J 

tion were occurring, the 
LL latter proceeding at theLL 

rate required by extrapolat­w 
' ' ' ' ' ' ' 

0 ing the solid line in
(J 

figure 14 to 1,600 K. Onw 
the basis of this analysis,I­

<( thermal decomposition
ll: accounts for about 50% of 

the CF3 Br disappearance rate103 ...___...___...__...__.......__....___ _.___...._______, at its maximum in flame IV 
5.5 5.7 5.9 6.1 6.3 and at higher temperature. 

INVERSE TEMPERATURE {1/T), 
We expect (10) to be10-4 ketvin-1 

able to use net reaction 
FIGURE 14. - Rate coefficient for thermal decomposition rate curves (fig. 13) to 

of CF 3 Br, expressed as first order, calcu­ about l/2jKc F Br Im ax , 

l,550~T~ l,78(rK. The factlated assuming Br atom abstraction occurs 
that we cannot utilize thewith the rate constant previously deter­
low-temperature portion of

mined (8); Solid line, flame IV; dashed 
the Kc F 8 r is an inconsist­

line from reference 45. ency th~ t is ultimately due 
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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 express ion for ls_ d of Sehon and 
Szwarc (45), extrapolated to flame temperature. The conditions of Sehon and 
Szwarc's-;xperiment were 5-20 torr and 1,020-1,090 K. From Benson and 
O'Neal's calculations, it is likely that these conditions are well into the 
pressure-falloff region for CF3 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 (l), reactions of CF3 Br with O and Br atoms were 
found to be negligibly important. Abstraction by methyl radical to give CifsBr 
accounted for 10% to 30% of the decay rate of CF3 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 CF3 Br, are 
also unimportant in the flame. 

Compositions and Kinetic Analyses of Inhibitor-Related Species 

When 1.1% CF3 Br is added to a methane flame, a number of brominated and 
fluorinated species are observed. They are Br2 , Clfs Br, HBr, CH2 CF2 , CF2 , CF3 H, 
F2 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 , 
F2 C0 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 Br2 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 al l of the inhibitor-related species except Br2 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 Br2 and CF3 H, the kinetic steady state 
approximation (d[i]/dt~ 0 relative to some other rate process) does not apply 



-

-4 

00 

....________._______.___ 

I-' 

12 

10 

8 
0 ' Cl) 
V, 

r<l 

'E 
0 

6 
Cl) 

0 
E 

U) 
I 

Q 4 
~ 

~ 

w 
~ 20:: 
z 
0 
i== u 
<( 
w 0 
a:: ..... --- .... 
f- ' ' \ 
w 
z 

-2 ' \ 

-6..____.____ ___-'----' 

0.3 0.4 0.5 0.6 0.7 0.8 0.9 

DISTANCE FROM TtiE BURNER SURFACE,cm 

FIGURE 15. - Net reaction rate profiles for HF, CF , and
2 

CF Br in flame IV.
3 

TEMPERATURE, kelvins 
1,106 1,387 1,617 1,757 1,838 1,864 

10 

CH 2 CF2 x5 

8 

'o 
Cl) 
V, 

r<l 6 
'E 
0 

Cl) 

0 
E 4 

U) 
I 

Q 

-:.::: 
2 w 

~ 
a:: 
z 
Q 0 
f-u 
<( 
w 
0:: 

f- -2w 
z 

-4 

-6._____._____.____.____:::~-L.-----'------' 

0.3 0.4 0.5 0.6 07 0.8 0.9 

DISTANCE FROM THE BURNER SURFACE,cm 

FIGURE 16. - Net reaction rate prof i les for CH 3 Br, CH 2CF 2, 

and HBr in flame IV. 



19 

TEMPERATURE, kel vins to any of the intermedia te 
~ -~95~0_ _ 1,,._,2_52__1,,._,5o_ s_ __,1,---.s9_1_~1,'""Teo_s_~1,e, 5_s_~~e. s_s_~1B6_4_~1,e,5_e~ 1,e'-50 

010 species related to the decay 
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tion in other complex reac­
tion systems is not genera lly 
available in flame analyses. 
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liest in the flame are, in 

,z 2 addition to Br2 (870 K), 
C~Br (1,448 K) and CF2 

z (1,538 K), followed by CF:-, H 
~ 0 ..(..) ( 1 , 5 6 9 K) , C~ CF2 ( 1 , 5 9 8 K) , 
w 
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FIGURE 17. - Net reaction rate profiles for Br 2, CF H,3 species related to the decay 
and F2 CO in flame IV. of CF3 Br. The dashed part 

of the net reaction rate 
curve for Cr~ Br (fig. 15) is calculated from the sum of the observed net reac­
tion rates of species formed directly as a result of the reaction of CF3 Br. 

There are some differences in the relative order of appearance of these 
species between flame IV and flame II, containing initially 0.3% CF3 Br (2 )-
In that flame the maximum F2 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 K1 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 fl ame II and flame IV may be a reflection of the dif­
ferences in the decay mechanism for CF3 Br between the two flames. As previ­
ously noted, in flame II, decay is predominately via the abstraction reaction 
H+CF~, Br - HBr+CF3 ; in flame IV, the thermal decomposition reaction giving Br 
and CF3 is also important. Thus the reaction Br+~ - HBr+H may be more impor­
tant in the overall rate of fonnation of HBr at low temperature in flame IV 
than in flame II. 

The individual net reaction rate, K1 , 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 give n s pecies 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 partia lly 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. When rate coefficients for these reactions have been measured 
in other systems, or can be reasonably estimated, it is possible to calculate 
the value of Ki to be associated with each reaction. Comparison with the 
observed Ki 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, 

C~Br and CF3 H.--The reactions found to be significant in the formation 
and decay of C~Br in the inhibited flame over the temperature range 1,250-
1 ,600 K follow: 

_,Formation C~+CF3 Br C~Br+CF3 (10) 

_,c~+Br2 C~Br+Br (11) 

Decay C~ Br+H(OH) _, HBr (HOBr )+C~ (12 - 13) 

_,C~Br+Br HBr+C!½Br (14) 

_,C~Br C~ +Br (15) 

Reactions 11 and 14 are relatively minor contributors to Ki, so that even if 
the absolute concentration of Br2 is in error by an order of magnitude, the 
rate coefficient calculated for C~Br formation by reaction 10 would not be 
significantly different . Reactions of C~ Br with O, CF3 , and C~ 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, k10 , for reaction 10 over the temperature range cited 
may be calculated by quantitatively taking into account the contribution of 
the other reactions (l), The results are shown in figure 18. Shown also are 
the earlier results from the flame initially containing 0.3% CF3 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 Br2 in that flame. The points shown in figure 18 

3are for 900<:T< l,600 K, and the value 5.8xl012 exp(-4,200/RT) cm mole- 1 sec- 1 

for from both flames is a better estimate for this rate coefficient thank1 0 
tha t obtained from either flame separately. 
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FIGURE 18. • Rate coefficient for the reaction CH 3+CF 3 Br ➔ CH Br+CF3 as a function3 
of temperature as determined from analysis of flame II and flame IV. The 
Arrhenius expression for k is 5~8 xl0 1 2 exp(-4,200/ RT) cm 3 mole · 1 sec· 1, 
900<T <1,600 K. 

CF3 H is the only observed inhibitor-related species that contains the CF3 
group intact. We use its net reaction rate, with the assumption that it is 
formed by H atom abstraction reactions between CF3 and various hydrogen­
containing species in the flame, to calculate a profile for CF3 in the flame (11.). 
A formation reaction not considered earlier, CF2 +HF - CF3 H, is about two 
orders of magnitude slower than the observed rate of CF3 H formation and is 
therefore negligible. In the calculation a value for the rate coefficient 
analogous to that recorrnnended for insertion by HBr and HCl was used (l, _lZ) . 

The decay reaction for CF3 H is relatively slow, since CF3 H is next to the 
last to disappear (F2 CO is last) of the intermediates associated with the 
inhibitor (fig . 17). Several reactions may be important in the decay: 

(16) 

CF3 H - CF2 +HF (17) 

(18) 

(19) 
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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 CF3 H. At the 
position of max imum decay, reaction 16 , with H atoms, accounts for only ~ 8% of 
the observed decay rate . Since [H]~[OHJ here and [ OJ is about half that, at 
best, radical abstraction reactions, assuming them all to be equally fast, can 
account for only 20% of the observed net reaction rate. The thermal decomposi­
tion reaction 17 is of primary importance in the disappearance of CF3 H, and we 
calculate a value for k17 , expressed as a first-order rate constant, of 
(6±l) xl03 sec- 1 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 hiS:1-pressure limit. Expressed as second order, 
CF3 H+M __, CF2 +HF+M, the rate coefficient is 2xl010 cm3 mole- 1 sec- 1 at 1,845 K, 
where Mis any other molecule in the flame. 

The CF2 ,C~CF2 ,F2 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 individua l 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 CF2 , as deter­
mined from analyses of the net reaction r a te profile for CF2 , have been pub­
lished (11.). Some new information from considerations of Kc H c F has 
implications for the estimated rate coefficients of the CF2 r~aciions and will 
now be discussed. 

Observation of CF2 in flame IV suggests for the formation of CF2 C~ the 
reaction 

(20) 

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

(21) (22) 
(CF3 C~ ) * --+ CF2 CF!g +HF. 

(-21) 



TABLE 3. - Reactions of the principal fluorocarbon species in inhibited flames 

Refer­
ence 

42 

31, 43, 
47 

11, 46 

49 

7, 27, 
37, 38 

11 
25, 39 
2 
30 

11 

30 
-

26 

7, 41 

7, 19 

Remarks 

By analogy to 3CH;a react ion 
for which k = (3-6) xl013 

1cm3 mole- sec- 1 . 

Reaction conditions likely 
to be in the pressure 
falloff region. 

A rate coefficient of 
(l-5) x l01 3 was estimated 
for these reactions col­
lectively in reference 11. 

Endothermic . 

By analogy to CHs reaction 
for which k = 1. 2xl01 2 

exp( -12,500/RT) cm3 mole- 1 
sec- 1 . 

By analogy to C~ reaction 
3for which k----101 cm 

mole- 1 sec-1 . 

By analogy to CHs reaction 
= 4 x l012 3for which k cm 

mole- 1 sec-1 . 

Reaction 

(23) 

(24) 

(25a) 
(25b) 
(26) 
(27a) 
(27b) 
(27c) 

(28a) 
(28b) 

(29a) 
(29b) 

(30) 

(31) 

(32) 

CF3 +H .... CF2+HF ... . ......... ... . . . 
CF3 H .... CF2 +HF .. . ....... . .. ...... . 

CH:z CF2 +O .... F2 Co+CH;a ... .... . . · · . .. 
.... li;a Co+CF2 •...... , · · .... 

CF2 +H .... CF+HF ........... . ........ 

CF2 +0 ..... Co+F+F .... .. ....... .. .... 
.... F2 CO ..................... 
..... FCo+F ....... .. . . . ........ 

CF2 +0H ..... Co+HF+F ... ... .... ..... . . 
..... F2 CO+H .................. 

CF2 +0::, ..... F2 CO+O .................. 
.... C0+2F+O ............. . ... 
.....CF3 +0::, F2 CO+OF ................. 

CF3 +0 _, F2 CO+F ... . .............. . 

CF3 +0H ..... F2 Co+HF ........ .... .... . 

Literature rate coefficient, 
cm3 mole- 1 sec- 1 

5 xl013 (1,540 K) - 2 xl01 4 

l.2 xl()l 2 exp(-63 ,000/RT) 

} 4 xl013 exp(-3,200/RT) 

1013 (1,800 K) 

-
-
-

} (l-3) xl013 (1,800 K) 

2x101 3 exp(-26,500/RT) 
-
-

(900-1,300 K) 
sec-1 

*Denotes a vibrationally excited molecule. 

N 
w 
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Reaction 20 was not considered in the analyses of flame II. In that 
flame it was estimated that XcF ~ 10- 4, from our inability to detect this 
radical. From the current data3, the maximum mole fraction of CF3 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 >2xl014 cm3 mole- 1 sec- ' , and ~ 1 
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 ent i rely, was performed for flame IV and gave 

>5 xl01 4 3 3k::i 1 cm mole- 1 sec- 1 at 1,435 K. A value of 6.8 xl01 3 cm mole- 1 sec< 
is recormnended for I<::i 1 (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 Cl-IgCF2 solely to the sequence of reactions 21-22. 

The literature value for the rate coefficient of reaction 21, the mea ­
sured concentration of CF2 , and the calculated concentration of CF3 were used 
to account for the contribution of the sequence of reactions 21-22 to the net 
rate of formation of CH2 CF2 • In the temperature range l ,300<T< l ,600 K, Cl-IgCF2 
i s being forme d (fig . 16), and decay reactions are ass umed to be unimportant. 
A value for was calculated over this temperature and found to be tempera ­k20 
ture insensitive at 2xl01 3 cm3 mole- 1 sec- 1 . Inclusion of the decay reactions 
for Cl-IgCF2 , to the extent that their rate coefficients are known (..!_l), does 
not significantly change this number below 1,600 K. At the point in the flame 
where CHgCF2 is being formed at a maximum rate, reaction 20 accounts for ~ 80% 
of that formation rate; reactions 21 - 22 account for, at most, 20%. The same 
mechanism may be reasonably applied to flame II (2). Previously we supposed 
only reactions 21 and 22 were important in flame II (2 )- We did not look for 
the CF2 radical in that flame and observed it for flame II subsequent to the 
experiments on flame IV (..!_l) . 

In analyzing the net reaction rate profile for CF2 (..!_l), the reaction 
between CF2 and C1½ was considered to give HF and the CFCI-lg radica 1, an endo­
thermic reaction that was neglected as slow. When reaction 20 is added to the 
decay scheme for CF2 using the rate coefficient determined in the preceding 
analysis, we calculate rate coefficient for other reactions forming and con­
suming CF2 tha t are higher than those reported earlier (11). The reactions 
(table 3) formi ng CF2 are 23, 24, and 25b; the reactions--;;onsuming CF2 are 
20, 26, 27, and 28. A rate constant of 8xl01 4 cm3 mole- 1 sec- 1 for reaction23 
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 CF2 

and H, 0, and OH are equally fast, then the rate coefficient for those reac ­
tions at 1,800±30 K is 3 xl013 cm3 mole- 1 sec- 1 . 

Carbonyl fluoride may be produced by several different reactions : 

(27b) 

(28b) 
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__,CF2 +02 F2 Co+O (29a) 

CF3 +02 
.... F2 Co+OF (30) 

__,CF3 +0 F2 Co+F (31) 

__,CF3 +0H F2 Co+HF (32) 

C~CF2 +0 .... F2 Co+CH.i (25a) 

The net reaction rate profile for F2 CO (fig. 17) shows an unusually long 
upstream foot. Although most of the F2 CO is formed at higher temperatures, it 
is being formed even at temperatures as low as 1,100 Kin the flame . KF co 
begins to increase rapidly where O atoms are observed in the flame, and 

2
the 

most important reactions forming F2 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-29ais of minor importance, contributing at most 20% of the 
observed net reaction rate of F2 CO at temperatures below 1,375 K. The reac­
tion principally responsible for F2 CO formation in the absence of oxygen atoms 
is reaction 28b, CF2 +0H .... F2 Co+H . Using KF co for 1,090<:T< l,375 K, the rate 

3coefficient for reaction 28b is calculated 2to be (S±l) xHY- 2 cm mole- 1 sec- 1 , 

where the limits show precision only. 

Previously we calculated 3xl01 3 cm3 mole- 1 sec- 1 for CF2 +(0H, O, or H), 
assuming equal rate coefficients for each radical (.!.!.), The present result is 
consistent in that several reactions for CF2 with O and OH, including reac­
tion 28b, were considered together in the CF2 analysis. 

For l,495<T< l,780 K, where F2 CO is being formed most rapidly and the 
oxygen atom concentration is not zero, the principal formation reactions are 
CF2 +0 (27b) and CHzCF2 +0 (25a). The reactions involving CF3 , including reac­
tion 31, together account for about 20% of the observed KF co over this temper­
ature range. Reaction 29a, CF2 +02 , diminishes in importanie, contributing at 
most 5% to KF co . We account for reaction 28b using the rate coefficient

2 
determined at lower temperature . We cannot, from the F2 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 l x l013 cm3 

mole- 1 sec- 1 , in agreement with a similar analysis for flame II (7). Assign­
ing the formation to reaction 27b alone requires a rate coefficie;t of 2xl013 

cm3 mole- 1 sec- 1 for that reaction. This last number is consistent with the 
estimate made from the CF2 net reaction rate analyses . 

Reaction 27b, CF2 +0, is spin disallowed and, presumably , slow. Bauer (I) , 
from shock tube studies of the ox idation of perfluoroethylene, suggests that 
this rea ction has a rate constant very much larger than tha t for the reaction 
of CF2 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. 7xl09 cm3 mole- 1 sec- 1 (30). 
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Reac tion 25a, CH::,CF2 +0 - F2 Co+CH:z, is spin allowed and has been identi­
fied as occurring in the room temperature photolysis of N02 and CF2 = 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:zCF2 +0. If that is also true 
at flarre temperatures (and we cannot distinguish directly between the two 
paths here), then not only is reaction 27b the most important F2 CO formation 
route in the flame, but the results of the reassessment of the Kc F analyses

2 
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 CF2 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 

CF3 +Cll:3 - . . . - CF2 CH2 +HF (21-22) 

CF3 +H - CF2 +HF (23) 

CF2 +0 - CO+F+F (2 7a) 

- FCo+F (27c) 

CF2 +OH - CO+HF+F (28a) 

CF3 +0 - F2 Co+F (31) 

CF3 +0H - F2 Co+HF (32) 

CF2 +H _. CF+HF (26) 

CF3 H _. CF2 +HF (24) 

CF2 +02 - Co+2F+O (29b) 

Reaction 29b can be eliminated from consideration since it is endothermic and 
its rate will be slower than for exothennic 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 l\iF 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 ¾F. We can, however, learn something about the magnitude of the 
rate coefficients for the reactions by comparison with the decay of CF3 Br. In 
this analysis, we can also use rate coefficients previously determined from 
the net reaction r a tes 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 CF3 Br were very fast relative to the 
decay rate of CF

3 
Br, we would expect to observe three HF molecules produced 

rapidly for every CF3 Br molecule that decays and that 

We find that 

in both inhibited flames, II and IV. The rates of the reactions occurring 
between the decay of CF3 Br and the production of HF are not, collectively, 
very much faster than the CF3 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 ¾F is 10.2 xl0- 6 mole cm- 3 sec- 1. A production rate for HF a t 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 ~ F analysis for 
reaction 23. For reactions 31 and 32, the rate coefficient2 was assumed to be 
that of the analogous C°fI:3 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 ¾F equal to twice the rate calculated for the rate 
of the reaction of CF2 +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 .3 xl0- 6 mole cm- 3 sec- 1 . This value represents quite reasonable agreement 
with the observed ¾ F (max), 10 . 2xl0- 6 mole cm- 3 sec- 1 , in view of the uncertain­
ties in the rate data. Without the assumption of maximum HF production rate 
from each reaction or the use of lower limit rate coefficients, a calculated ¾ F 

that is 2 to 2.5 times, respectively, lower than the observed ¾F 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 ¾F profile is accounted for by the reactions (in order 
of importance) 

CF2 +H ...., CF+HF 

CF2 +0H ..... Co+HF+F 

Near the maximum rate of production of HF, the reaction of CF2 +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 F2 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 F2 CO but not for HF. 
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3 

Br
2 

.--Molecular bromine was not observed in the flame containing 0.3% 
CF Br initially (l). Analysis of the formation rate of CHc 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 Br2 in the present flame was 
expected, and its maximum at very low z values provided gratifying confirma ­
tion of the ear l ier analysis. The maximum mole fraction observed for Br2 is 
2.6 xl0- 5 , and t hi s may be in error by an order of magnitude because of the 
uncertainties i n the cross sections used to estimate the concentration of Br2 

relative to that of CF3 Br . The uncertainty in the net reaction rate for Br2 
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 Br2 in this flame. The reactions that may 
reasonably be expected to produce Br2 in the flame are 

(33) 

Br+C~Br (34) 

Br+HBr (35) 

Br+Br+M (36) 

Assuming that the reverse reactions are not important, wh i ch provides for 
a maximum possible production rate for Br2 , we calculate a total net reaction 
rate for Br2 at 850 K of ~10- 10 mole cm- 3 sec- 1 • This is more than two order s 
of magnitude lower than the observed maximum net react i on rate for Br2 . The 
rate coefficients used in these ca l culations were 8.13 xl0"- 3 exp( - 25 ,170/RT) 
for reaction 33 (20), 5 xl013 exp( - 22,900/RT) for react i on 34 (32), and 
2.7 xla1 4 exp( - 22,200/T) for reaction 35 (.l§_). For reaction 36t he rate coeffi ­
cient was calculated from the recorrnnended recombination rate coefficient for Ar 
as a third body, M: log~s- Ar = 15.381- 2.287 log(T/300)+1.154 log2 (T/300) (14). 

A possible additional source of Br2 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 Br2 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 Br2 as close to the burner surface as we can rel i­
ably sample is about 1/3 of the maximum; surface recomb i nation undoubtedly 
occurs, but it does not appear to be the principal source of Br2 • 

Two modeling studies of H2 /02 flames inhibited with HBr predict molecular 
bromine with a concentration maximum occurring close to the cold gas boundary 
(18, 23). Galant attributes the Br2 behavior to reaction 36 and the reverse 
ofreaction 35 i n the H2 /02 flame. From our observations either a Br2 -

producing reac ti on 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 . 
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SUMMARY 

The microstructure, including radical species, of nearly stoichiometric 
CH.i,-02 -Ar flames containing initially 1.1% CF3 Br has been determined. These 
data are analyzed in light of previous microstructure studies of flames con­
taining 0.3% CF3 Br initia lly and of the analogous clean flame. 

Comparison of the maximum concentration of inhibitor-related species in 
flames initially containing 1.1% and 0.3% CF3 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 
major reactants and production of the major products, are shifted to higher 
temperatures in the presence of 1.1% CF3 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 C~ 
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 CF3 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 
major reactants, we conclude that the decay of CF3 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 CF3 Br suggests that, in contrast to the earlier 
study, the inhibitor is consumed not only by reaction with H, but also by 
therma l decomposition. Each pathway is equally important a t the maximum rate 
of decay of CF2 Br. 

From analyses of the net reac tion rate profiles of the bromine- and 
fluorine-containing species observe d, mechanisms to account for the formation 
of these species in the primary reaction zone of the flame have been deduced. 
The observation of the CF2 radical and of CF3 H, from wh ich a profile for the 
CF2 radical may be calculated, provided critically important information. The 
presence of molecular bromine, though anticipated, cannot be accounted for 
quantita tively . 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 react ions involving CF2 , a nd the fluoro­
carbon chemistry occurring in this flame is due primarily to the CF2 and not 
the CF2 r adical, as originally postulated (2), Rate coefficients for these 
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and the reactions of other species related to the presence of the inhibitor 
were detennined, and the results are given in table 5. 

TABLE 4. - Reactions responsible for the fonnation of 
fluorocarbons in CF3 Br-inhibited flames 

F2 C0 .............. · ·, CF2 +0H _, FaCo+H 
CFa+O _, F2 CO 
CH::iCF2 +0 _, F2 Co+CH2 

HF...... . . . . . . . . . . . . . CF3 +H ..... HF+CF2 

CF2 +H ..... HF+CF 
CF2 +0H _, HF+Co+F 
CF2 +0 _, Co+F+F 

~ 

+2RH _, 2HF+2R 
*Denotes a vibrationally excited molecule. 

TABLE 5. - Sunnnary of rate coefficients determined from kinetic 
analysis of a methane-oxygen-argon flame containing 

1. 1% CF3 Br initially 

Reaction Temperature 
range, K 

CI1:3+CF3 Br ..... Cl1:3Br+CF3 ........... .. ... .. 

CF H+M _, CF +H+M .......... . . ..... ..... .3 3 

Cl1:3 +CF2 ............. CF2 CH::i+H .............. . 
CF +H ..... HF+CF2 ••••••••••••• • .••.•••••••

3 

CF2 + (H,OH,0) ..... product ................ . 
CF2 +0H ..... F2 Co+H ..... . ....... , ......... . 
CF2 +0 ..... F2 CO ..... . ............. . ...... . 
CH2 CF2 +0 _, F2 Co+C&a ....... · , .. · ....... . 

900-1,600 
1,845 

1,300-1,600 
1,800 
1,800 

1,090-1,375 

} 1,495-1,780 

5,8xl01 2 exp(-4,200/RT) 
2 xl0l o 

2xl013 

:e:;; 8xl014 

3 xl01 3 

5xl01 2 

~1013 
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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% CF3 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 III Flame IV 
Flow, g sec- 1 : 

C~ ........... .. .....•... 
02 ..•............. ..... .. 
Ar ...................... . 
CF Br ................... .3 

C~ ............ .. mole-pct .. 
•••••••••••••••mole-pct ..02 

Ar ............. . .mole-pct .. 
CF3 Br ............mole-pct .. 

1V · •· • • ·•• .. .••. cm sec- l ..
0 

2
Tmax · · · • • · • • · • • · · · · · · · .K. • 

3T . •••••••••••••••••••• K. · an 

0.0107 
0-0456 
0.1811 

0 
10.1 
21.5 
68-4 

0 
47.6 

1,781 
2,375 

0.0108 
0.0455 
0.1808 
0. 0110 

10.1 
21.2 
67.6 

1.1 
48.0 

1,966 
2,358 

1 Cold gas velocity calculated using Ti n! t !al 
= 298 K. 

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

3 Calculated 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 (l, 40). 1 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 = O. 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, Xfa c = 1 - ~X. , where if Ar. 

1 • 

:underlined numbers in parentheses refer to items in the list of references 
preceding the appendixes. 



TABIE A-2 . - Smoothed composition profiles for the s pecies in flame III 

MOIE FRACTION 

INDEX l TE~P CH4 co CO2 H H20 OH A H2 02 0 H2CO CH3 

5 • 020 
l O • 045 
15 .010 

300. 
300. 
34 9 . 

.8051:-01 

.791 E-Ol 

.7701:-01 

. o36E-O? 
• 732E-02 
0 >:l 68E-02 

.2JOE-02 

.267E-02 
• 325E-02 

o. 
o • 

.208E-04 

.207E-Ol 

.231E-Ol 

.266E-Ol 

o • 
a. 

.170E-04 

.678E+OO 

.677E+OO 
0 676E+OO 

• ll9E-Ol 
.125E-Ol 
.132E-Ol 

.200E+OO 

.198E+OO 
• I 95E+OO 

a. 
o. 
o • 

• l70E-03 
.230E-03 
.293E-OJ 

0 940E-05 
.218E-04 
.J56E-04 

20 .095 418. 0 74?E-Ol .I04E-Ol .403E-02 .7641:-04 • JlOE-01 .Al5E-04 0 67t>E+OO .140E-Ol • 190E+OO o • .J53F:-OJ .526E-04 
25 
JO 

• 120 
.145 

496. 
579. 

.7lnE- 0 1 

.676E-Ol 
.124E-OI 
.147E-Ol 

.499E-02 
• 1:,l 2E-02 

.157E-03 

.25JF:-03 
.J60E-Ol 
.415E-Ol 

.125E-03 
• l 97E-03 

0 675E+OO 
0 674E•OO 

.149E-Ol 

.158E-Ol 
.ltiSE+OO 
,179E+OO 

o. 
o • 

0 407E-03 
0 469E-03 

0 804E-04 
.129E-03 

35 .170 667. .63Qt:: - 0 1 • !70E-Ol • 739E-02 .361E-OJ .473E-Ol .271E-03 .673E+OO .167E-Ol • l 73E+OO o. .539E-03 .l98E-03 
40 
45 
so 
55 

• 195 
.220 
• 245 
.270 

758 • 
852. 
94 6 • 

10 37. 

.1:,0 2i:: -o 1 

.564E- Ol 
0 52Sf - Ol 
,4841: - 01 

.195 E-Ol 

. 222E-Ol 
, 25 0E-OI 
. 2tl OE-OI 

.A BIE-02 
• 104E-Ol 
• lZOE-01 
.139E-Ol 

.4871:-03 

.643E-OJ 

.H44E-03 

.1101:-02 

.533E-Ol 

.595E-Ol 

.658E-Ol 

.722E-Ol 

0 344E-OJ 
.415E-OJ 
0 484E-03 
.554£-03 

0 672E+OO 
.671E+OO 
.669E+OO 
.668E+OO 

0 l 77E-Ol 
.186E-Ol 
0 196E-Ol 
.205E-Ol 

.lb7E+OO 

.160E+OO 

.154E+OO 

.146E+OO 

o. 
o • 
o • 

.149E-04 

0 592E-03 
0 627E-03 
0 666E-03 
• 716E-03 

.282E-03 
0 378E-03 
0 490E-03 
.631E-03 

60 
6 5 

.2'15 

.320 
1122. 
1200. 

0 44 ?E -Ol 
0 397F- 0 1 

. 310E-Ol 

. 340E-OI 
.158E-Ol 
.l79E-Ol 

.l40E-02 

.175E-02 
0 790E-Ol 
.862E-OI 

.632E-03 
• 731E-03 

0 666E+OO 
0 665E+OO 

.214E-Ol 
0 224E-Ol 

.139E+OO 

.130E+OO 
.447E-04 
0 935E-04 

.766E-03 

.812E-03 
0 807E-03 
.l0lE-02 

70 
75 
8 0 
85 
9 0 

.345 

.370 
• 395 
• 4 2 0 
.445 

1270. 
133 3. 
1391 • 
1442 • 
I 4118 . 

.35nE - Ol 

.30 2E -01 

.256E -O \ 

. 2 11 E- 0 I 

.17 0E - 0 1 

. 3 70 E-Ol 
0 39oE-Ol 
.4 24E-OI 
0 44oE-Ol 
,465E -OI 

. 2 01E-Ol 

. 224E-Ol 

.249E-01 

.274E-OI 

. J 02E-Ol 

.216E-02 

.2t>2E-02 

. 3 1SE-0 2 

.37tlE-02 

.45 0E-02 

.936E-Ol 

.lOlE•OO 

.109E+OO 

.ll6E+OO 

.123E•OO 

.868E-03 

.106E-02 

.134E.-02 
• l 71E-02 
.219E-02 

0 664E+OO 
.6b3E+OO 
.662E+OO 
.660E•OO 
0 658E+OO 

.232E-Ol 
0 240E-Ol 
.246£-01 
.250E-Ol 
.252£-01 

.121E+OO 

.ll3E+OO 

.104E+OO 

.964E-Ol 

.A92E-Ol 

• l 71E-03 
.294E-03 
.480E-03 
0 744E-03 
.109E-02 

.855E-03 
0 883E-03 
.883E-03 
.851F-03 
.793E-03 

.124E-02 

.l45E-02 

.1 6 2E-02 
• l70E-02 
.166E-02 

9 5 .470 15?.6 , ,134 t -O l .48 0E-Ol .330E-Ol . 5 :llE-02 .130E•OO .278E-02 .655E+OO 0 252E-Ol .828E-Ol .153E-02 .710E-03 .151E-02 
100 • 495 155 9 • .10 l E-01 . 4 9 JE -Ol .J60E-01 . 6 17E-02 .IJ7E+OO 0 345E-02 .652E•OO .249E-OI • 771E-Ol .206E-02 0 609E-03 .129E-02 
10 5 .520 l 5 8 h. .744E-0 ? , 5 0 l C: -0 I .J90E-Ol .7 04F:-02 ,143E•OO .420E-02 .649E+OO .243£-01 .721E-Ol .268E-02 .496E-03 .103E-02 
110 .545 l 60 ll . . 52 '-•-0 ? . 5 06 E-GI .419E-Ol 0 790 E-02 .148E+OO .sooE-02 .646E+OO .236E-Ol .676E-Ol .337E-02 .381E-03 .763E-03 
11 5 .570 1627. .3Si<l: -0 ? . 50 5 E-OI .447E-Ol 0 8 72E-02 .153E+OO .51:!0E-02 .643E+OO .227E-Ol .634E-Ol .41 lE-02 .275E-03 .534E-03 
12 0 .595 
125 • 620 

1642 . 
1 !,t;4 • 

, 231iE - O? 
.1 5 \ f. - 0? 

.4'1'1 E-Ol 

.<+ l:HlE-01 
.472E-OI 
.4%E.-Ol 

. 9 49E-02 

.I02E-Ol 
.156E+OO 
.159E+OO 

0 659E-02 
• 73JE-02 

.641E+OO 

.641E+OO 
.217E-OI 
.207E-OI 

.c;97E-OI 

. 5 63E-OI 
.487E-02 
.56lE-02 

.190E-03 

.127E-03 
0 358E-03 
.227E-03 

13 0 .645 
135 .670 
140 .695 
145 • 720 

166 2 . 
I 6 /i 7. 
I 671. 
1674. 

.96I E- 0• 

.61 6E - 01 

.40'lE-0 1 

.27QE - Ol 

. 4 7JE-O! 

. 45':>E - Ol 
0 436 E-Ol 
.417 E-Ol 

.518E-Ol 

. 5 39E-Ol 
0 5 S9E-Ol 
.58 0E-UI 

.109E-Ol 

.114E-OI 

.1 2 0E-Ol 

.124E-Ol 

.161E•OO 

.163E•OO 

.164E+OO 

.165E+OO 

.791:!E-02 
0 854E-02 
0 A99E-02 
.9J4E-02 

.640E+OO 
0 641E+OO 
.641E+OO 
.641E+OO 

.198E-OI 

.190E-OI 
• 183E-Ol 
.176E-Ol 

.532E-01 

.506E-01 

.483[-0I 

.4t>5E-Ol 

.628E-02 

.685E-02 
• 730E-02 
.763E-02 

0 791:!E-04 
0 450E-04 
.231E-04 
.124E-04 

.l41E - 03 
0 934E-04 
.672E-04 
.475E-04 

150 .745 1677. .192E - Ol .J98E -ol .601E-Ol .128E-Ol .166E•OO .960E-02 0 642E•OO .171E-OI .451E-01 .788E-02 .804E-05 . 3 17E-04 
155 .770 
160 .79S 
16 ':', .820 

1679. 
16KI. 
IM<l. 

, 121E - Ol 
.6 39 E- 04 
.20 2E - 04 

. 3B OE-OI 

. J6 <+ E- Ol 

. J 49 E-Ol 

. b clE-01 

.6'+0E-Ol 

.li 5 7E-Ol 

.132F-Ol 

.136E -OI 

.140E-OI 

.166E+OO 

.166E+OO 

.167E+OO 

.980E-02 
0 995E-02 
.lOlE-01 

.642E•OO 
,642E+OO 
.642E+OO 

.167E-Ol 

.163E-OI 

.160E-Ol 

.440E-Ol 

.432E-OI 

.425E-01 

.805E-02 

.819E-02 

.829E-02 

0 560E-05 
.353E-05 
0 194E-05 

. 2 15[-04 

.l68E-04 
• l49E-04 

170 .845 
175 . 8 70 

168 1. 
1681. 

o. 
o. 

. 335 E.-OI 
• 32JE -O I 

.li7 2E-Ol 

. oBSE-01 
.1<+4 1: -01 
.l47 E-Ol 

.167E+OO 

.l67E+OO 
.102E-Ol 
.I03E-Ol 

.642E•OO 
0 642E+OO 

.158E-Ol 

.156E-Ol 
.418E-01 
.410E-OI 

.836E-02 
• A41E-02 o • 

0 755E-06 .132E-04 
.lllE-04 

18 0 . 8 95 168 0. o. . J ll E-01 0 h96E-OI .149E-OI .168E+OO .I03E-OI 0 643E+OO .155E-OI .400E-Ol 0 845E-02 a. . 8 94E-05 
185 • 920 
190 ,945 
195 .970 

167 9 • 
I 67':l. 
!676. 

o. 
o. 
o. 

. JO l E-01 

. ? ',1 2E -Ol 

. 2 tl 4 E-Ol 

.706E-OI 

.71 5 E-01 
0 724E-OI 

.1 5 1E-Ol 

.151E-Ol 

.l52F-Ol 

.168E+OO 

.168E•OO 

.168E+OO 

.I04E-Ol 

.I05E-Ol 

.lOSE-01 

.643E+OO 
0 l:,44E•OO 
.644E+OO 

.154E-Ol 

.153E-Ol 

.152E-Ol 

.390E-OI 
• 382E-01 
.377E-Ol 

.849E-02 

.852E-02 
• 856E-02 

o. 
o • 
o • 

.68 2E-05 

.463E-05 

.235E-05 
2 00 . 99S 1674. o. . 2 76E -Ol • 734E-O I .1 52E-Ol .168E+OO .106E-OI 0 644E+OO .152E-Ol • J "f5E-O I .861E-02 o. .459E-06 



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

MOLE FRACTION 

IN DEX z TF:"1P CH4 co CO2 H H20 OH A H2 02 0 H2CO CH, 

5 .0 20 
10 .045 
15 .010 
20 .0 95 
25 .1 20 
30 .145 
35 .170 
40 • 195 
45 . 220 
so . 2 45 
55 .270 
60 • 295 
65 . 320 
70 .345 
7':, .370 
BO .395 
85 . 420 
90 .445 
95 .470 

100 .495 
105 • 520 
11 0 • 545 
115 . 5 70 
120 . 595 
125 . 620 
130 . 645 
135 • 6 70 
14 0 . f,95 
145 . 720 
150 .745 
155 .770 
160 .7 95 
16:, .820 
170 . 8 45 
175 . 8 70 
180 . 8 95 
185 . 920 
190 • 945 
195 .970 
200 .9~5 

3 00 . 
3 00 . 
300. 
3 00 . 
349 . 
4 2 7. 
510 . 
597 • 
684 . 
U,9 . 
853 . 
934 • 

1014 . 
1090. 
llf,S . 
123R . 
13 07 . 
1374. 
14 36 . 
1495 . 
154 9 . 
159R • 
1643 . 
16A4. 
11 20 . 
l 7 '> 1 • 
177 9 • 
180 ? . 
I 821 . 
11:1 35 . 
1847 . 
Hl55 . 
18h0 . 
l 81>3 . 
181',5 . 
1866 . 
! Bf.I> . 
1866 • 
1865 . 
l 81>4 . 

.'1 54E - Ol 

. 85'iE - 01 

.A 54E - Ol 

. R47E - 01 

. 83SE - 01 

. B2nt: - OJ 

. BO?l: - OJ 

.78,t: -0 1 

.7 6 ? E- OJ 

.74 nE - OJ 

.7l4E-Ol 

. 68'>E - O! 

. 654E - Ol 

. 6??E - OI 

. S'lRE - 01 

. 55,E - 01 

. 5 11'.E - 0 1 

.477 F. - 0 1 

.4 3SE-Ol 

. J ➔ nE - 01 

. 14?E- 01 

. 2911: - 0] 

. 2 4 4E - Ol 

.1 9"E - 01 

.1 5 1E- Ol 
• 111 E- 0 1 
• 76?E - 0? 
.491E - U? 
. 29QE - 02 
.l73f. -0 ? 
• 971'.E-O • 
. 5':>9E - 01 
.32!1F - O• 
.l AQE - 01 
.967 f. -04 
. 361E -0 4 

0 . 
0. 
o. 
o. 

. 1S6E - 02 

. 2 ll E- 02 

. 2 73 E- 02 

. J 43 E- o2 
• 423t - 02 
. '>13E - 02 
. 613E-o 2 
• 72 4 E- 02 
. A4 I E- Oc 
• ➔ 7b E - 02 

.113E-Ol 

.1 30E - OI 

.l50 E- Ol 
• 17 2E -Ol 
.1 97E-OI 
. ? 2 3E - Ol 
• 2'>0E - o 1 
. 2 79E - OI 
. llO E- 0 1 
. 34 3E - Ol 
• .J7'1E- O I 
.4 16E-01 
•"50E - Ol 
. 4Bl E- Ol 
• ':>0 7E- O 1 
• '>2'>E - o 1 
. S36E - OI 
. 539E - Ol 
.535E - Ol 
• 524E-Ol 
.509E - Ol 
.491 E- OI 
. 4 71 E- ol 
.4Sl E- OI 
• 43 2E-O l 
• 414E-Ol 
. 398E - OI 
. 3tl4E - Ol 
. :l7 JE - Ol 
. 36JE- Ol 

• 324E - 03 
• ld6E-0 3 
.R ME -0 3 
.117E- 02 
.1 47E-02 
.1 8 4E-02 
• 22 7E- 02 
. 2 78 E-02 
. 33 7E-02 
.4U 6E - 0 2 
.487E -0 2 
. 5B5E -0 2 
.7 04E-0 2 
.ll43E-0 2 
.l OOE-01 
.11 8 E-Ol 
• I 36E -Ol 
.1 '>5 E-Ol 
.l75 E-Ol 
.197E-Ol 
. 220E - Ol 
. 2 46E - Ol 
. c75E - Ol 
. 30 7E-Ol 
. 340E -Ol 
. 374E-Ol 
. 40 Bf. - Ol 
. 44 )€ - 01 
.477E- Ol 
. 5 12E -Ol 
. 546£ -01 
. 5 77 E- Ol 
. 1',04E-Ol 
. 627E-Ol 
.646£- 0 1 
• 662E-Ol 
• "79E-O 1 
. 695E - Ol 
• 71 2E -01 
.7 2 7E-Ol 

.1 29E - 05 

.2Bb E-O'> 
• 425F-05 
• 5 15E -05 
. 539E-05 
. 530E-05 
. 609E -05 
.979F. -05 
• 18 7 E-04 
. 3 44 E-04 
• 5 7 ':>E -04 
• i:! 71 E-04 
.122E-03 
.163E-0 3 
• 212f-OJ 
• 273E-03 
• 3i+AE-03 
.439E-03 
. 5 44 E-03 
. 666f.-03 
. 8 1':IE -0 3 
• l 04E.- 02 
.139E -0 2 
.192F-02 
. 266E -0 2 
. 36 1E-02 
. 47lf.-02 
. 585E -0 2 
. f,95E -0 2 
.794E-02 
. 8 79 1: -0 2 
. 954E - 02 
.1 02E -OI 
.1 07F.-0 l 
.11 2E-Ol 
• l 16f.-O l 
.11 8E-Ol 
.1 2 0E-OI 
.1 22E-O l 
.123E-Ol 

. 503E - 02 
• li34E-02 
.7B3E-02 
. 95 4E-02 
.ll 5E -Ol 
• 136E -Ol 
.I SAE -01 
.I B2E-OI 
. 2 07E-Ol 
. 235E -Ol 
.268E-Ol 
. 3 06E-Ol 
• 351E-Ol 
.400E-Ol 
.453E-Ol 
. 507E-Ol 
. S6 1E-Ol 
. 6 15E-O l 
• 671E-Ol 
.731E-Ol 
.798E -Ol 
. t:172E-Ol 
.95 1E-Ol 
.103E•OO 
• 11 lE•OO 
.11 9E+OO 
.1 26E +O O 
.1 31E•OO 
.1 38E•OO 
.143E+OO 
.147E+OO 
.1 50E•OO 
.152E •OO 
.153E+OO 
.154E•OO 
.1 53E+OO 
.1 53E•OO 
.1 53E+OO 
• 15 3E •OO 
• 153E+O O 

o. 
o. 
o. 
o. 
o. 
o. 
o. 

. ?.9JE-05 

.l46E-04 

. 36 1E-04 

.665E-04 

.I03E-03 

.139E-03 

.172E-03 
• l 97E-o3 
. 2 14E-03 
. 226E-03 
• 235E-03 
. 248E-03 
.279E-03 
. 35 0E-03 
. 492E-03 
.746E-03 
.11 5E-02 
.175E-02 
. ?.SBE-02 
. 362E-02 
. 486E-o2 
. 62 1E-02 
.757E-02 
. 881E-o2 
. 983E -02 
.106E-Ol 
.llOE-01 
• l l 3E-O l 
• I l 5E-O l 
.ll6E-ol 
.117E-Ol 
.llbE-01 
.119E-Ol 

. 684E+OO 

.679E+OO 

.675E+OO 

. 672E+OO 

. 671E+OO 

.670E+OO 

.670E+OO 

.670E•OO 

.670E+OO 

.669E+OO 

.669E+OO 

. 667E+OO 

.666E+OO 

.663E+OO 

.660E•OO 

.657E+OO 

. 654E+OO 

.652E•OO 

.65 0E+OO 

.64AE+OO 

.646E+OO 

. 643E+OO 

. 640E•OO 

.637E+OO 

.635E+O O 

.6 32E +OO 

.630£+00 

.626E+OO 

.623E+OO 

.619E+OO 

.615E+OO 

.613E•OO 

. 612E+OO 

.61 2E+ OO 

.613E+OO 

. 615E+OO 

.61 6E+OO 

.617E+OO 

.617E+OO 

.617E+OO 

.B29E-0 2 

.BB3E-02 

.942E-02 

.lOOE-01 

.107E-Ol 

.113E-O 1 

.120E-Ol 

.127E- Ol 

.l34E-Ol 

.l41E-Ol 

.l48E-Ol 

.156E-OI 

.163E-OI 

.170E-Ol 
• l 77E-Ol 
.185E-Ol 
.193E-Ol 
.201E-Ol 
.210E-Ol 
.219E-Ol 
.22BE-Ol 
.235E-Ol 
,240E-Ol 
.242E-Ol 
.241E-Ol 
.237E-Ol 
.230E-Ol 
.220E-Ol 
.210E-Ol 
.198E-Ol 
.187E-Ol 
.177E-Ol 
.168E-Ol 
.l60E-Ol 
.154E-Ol 
.149E-Ol 
.144E-Ol 
.141E-Ol 
.138E-Ol 
• 136E-O 1 

.203E+OO o • 

.205E+OO o • 

.?06E+OO o • 

.205E+OO o • 

.204E+OO o • 

.20lE+OO o • 
• l98E+OO o • 
.J95E+OO o • 
+19 IE+O O o. 
.!87E+OO o • 
.182E•OO o • 
.J78E+OO o • 
.173E+OO o. 
.168E+OO o • 
.162E+OO o • 
.156E+OO o • 
. 150E+OO o • 
.1 44E•OO o • 
.J37E+OO . 350E-04 
.129E+OO .102E-03 
.1 21E+OO .202E-03 
,113E+OO ,329E-0 3 
.104E+OO .477E-0 3 
.945E-Ol .662E-03 
.A56E-Ol .930E-03 
• 772E-Ol .135E-02 
.697E-OI .197E-02 
.633E-OI .280E-02 
.c:;80E-Ol .379E-02 
. 537E-Ol .485E-02 
.501E-Ol .585E-02 
.472E-01 .671E-02 
.447E-Ol .738E-02 
.426E-Ol • 787E-02 
.408E-Ol .821E-02 
.394E-Ol .A44E-02 
. 382E-Ol • 860E-02 
.372E-Ol . 872E-02 
.364£-01 .A82E-02 
.357E-Ol .R90E-02 

o • 
o • 

. 523£-06 

.362£-05 

.735E-05 

.l21E-04 

.174£-04 

.226E- 04 

.279E-04 

. 331F -04 

.3B3E-04 

.434E-04 

.4A4E-04 

.533E-04 

.584E-04 
• 643F.-04 
• 735E-04 
.860E-04 
0 992E-04 
• l l2E-03 
.l27E-03 
,147E-03 
,171E-03 
.195E-03 
.220E-03 
,223E-03 
.1 96E-01 
.163E-03 
• 132E-03 
.993E-04 
.617E-04 
. 272E-04 
.445E-05 

o • 
o • 
o • 
o • 
0, 
o • 
o • 

. 3 45E-05 
• 776E-05 
.121E-04 
• 164E-04 
. 2 07E-04 
. 2SOE-04 
. 293E-04 
. 3 36E-04 
. 3B OE-04 
. 4 23E-04 
. 463E -04 
.499E-04 
. S44E-04 
.661E-04 
.lOSE-03 
.192E-03 
. 3 17E-03 
.456E-03 
.636E-03 
0 9 12£-03 
.128E-02 
.170E-02 
.208E-02 
.232E-02 
.233E-02 
,206E-02 
.160E-02 
.112E-02 
.727E-03 
.445E-03 . 
.265E-03 
.164E-03 
.106E-03 
. 6 18E-04 
.239E-04 

o • 
o. 
o. 
o • 
o. 
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TABLE A- 4 . - Smoothed composition profiles for the spec i es related to the inhibitor in flame IV 

MOLE FRACTION 

IN DE X z TF'-< P CFlHR HF rlHf< HR CH)tJR HCO F2CO CH2CF2 H02 13R2 CF3H CF2 

:, • 020 300 . • I 09>:: - 01 • 144 r: - o ;, • 117E - 04 o • . 79 7E- 05 o • . 224E - 04 .4 32E -0 4 o. .915E- OS .1 9 1E- 06 o . 
10 . 04'> 300 . . IOQl:-0 1 .1 'ft,F. - 02 . 4 65 E- 04 u . . 938 E- 05 o . . 320£- 04 . S53E - 04 o. . 106E. -0 4 . 6 77 E- 0"> o. 
) :, . 070 300 . . I09f - 01 . ? lcF-0 2 0 ':,4\E - 04 o. . 1 15[ - 04 o. . 422€-04 0 595E - 04 o. . J22E - 04 .1 391: - 05 . 241£ - 05 
20 . 095 3 on . • 10 9f - 01 . ?'>3~ - 02 .~7 oE - 04 o • .154E- 04 o . . S46E - 04 . 62 7E-04 o. • 139E - 04 . 220E - OS . BIOE - 05 
25 • 120 34'1 . • l QQ; - 0 J • ?9'-IE - o? • J 15E -O J o • . ?l lE - 04 o • • 711E-04 0 69 1E-04 o • . 157E - 04 . 3 19E - 05 . ISSE - 04 
30 . 14S 4 ? 7. • I 09F:-O I . 3:i l E- 0 2 . I S OE- 03 o • . 2 7AE - 04 o . . 934E - 04 • 82!:>E - 04 o . . I 7 7E-0 4 457E- 05 • 233E - 040 

35 • 1 70 5 10 • • I O<ie_- 01 . 40!:I E-O r • J 951: - 03 o • . 353E - 04 o. . 123E-03 .I 03E - 03 o. .1 99E - 04 . 629f - 05 . 314E-0 4 
4 0 • I 95 59 7 • • I 0'-IF - 01 0 47 I E-0 2 . ?53E-03 . 2A4F - Q4 . 443( - 04 o . . 161E - 03 . 12 7E-03 o. . 22 1E- 04 0 79 l f. - O<; . 403( - 04 
4 5 . 220 6114 . I O'W- OJ • ':, 40 !: - 02 • Jc4E - 03 • I U7F: -03 . ':>SA E- 04 o. . 207E-03 . IS4E - 03 o. . 241E -0 4 . 928E-05 . Sl4E- 040 

50 . 245 7':,~ . . Jl nE - 0 1 0 >, l4 E- O? . 400E - OJ . 250F -QJ . 707 E- 04 o . . 2">2E - 03 • 1!!9E - 03 o. . 257E - 04 .II OE - 04 . 657( - 04 
55 . 270 ~!'- 3 . .l l nF - 0 1 • -,\14 F. -o ? . 47t>E-OJ . 4 61:>F - OJ . A90E - 04 o. . 324( - 03 .235E-O J o. . ?62E -04 .1 37E-04 . 843(-04 
60 • 295 9)4 • • 11 OF -01 • / ti l E-02 . S5 7E - 03 . 76uf - OJ .II OE - 03 o. . J94E- 0 3 . 294E-03 o. . 24 9E -04 .176E-0 4 . I08E-03 
6 :, . 120 IO 14 . • 1 oii i:: - o 1 . r1 77 E- 02 • 1:> 4 9E -03 • l 14 E- 02 .1 33E - 03 o. . 4 7 0E-03 . 36 7E-OJ o. . 2 18E- 04 . 2 19E-0 4 . 137E - 03 
7 0 . 345 1090 . 0 10',F - OJ . <iNE - 02 . 7hO E-OJ • l 60F -02 . I SH E- 03 o . . S52E-03 0 450E-03 o . . I79E - 04 . 260E - 04 • I 73E-03 
7 ':, • 370 l 11'>5 • • 1011:- 0 1 • l u'1i' - n I . KR !E - 03 . 2 1SE - 02 . 18lf - 03 o. . 639E - 03 . 534E - 03 o. . 143E -04 . 30 7( - 04 . 2 15 E-03 
AO . 395 l <:'3A . • 94',':: - 0? . 120• -01 . ~'11)[ -01 0 2 71:! F-02 . 202E -03 o . . 732E - 03 . 6 15E - 03 o . . 114E -0 4 0 3n8F-04 . 262E - 03 
85 . 420 l 30 7. . 861'> i: -0 ? . IJ c'E - 0 1 .I I OE- 02 . 3 49F - 02 . 2 16E - 03 o • . 832E-03 . 7 04E - 03 o. . 9 0 IE - 05 . 435E - 04 . 312E - 03 
90 .445 1374 . • 77 ?F - 0? • I 44 f. -O I . Jl9E-02 . 42':>F - 02 . 222E - 03 o. . 938E - 03 0 8 06E-03 o. . 70 I E- OS . 493E - 04 . 361E - 03 
95 . 470 14)':, . 665F - O? • I SoE -0 l • l 27E -0? . 50 4 E- 02 .219E - 03 o. . 105E-02 . 903E - 03 o. . 533E - 05 545E-0 4 401E-030 0 0 

100 . 495 1495 . . S½I E- 0? • I b\l~ -0 I . J 34E - 02 . 583E - 02 . 20 4( - 03 o. . 11 8 E- 02 970E - 03 o • . 404E - 05 . 6 01 1: -0 4 . 425E-030 

0 010 5 . 520 1549 . 4 31F - 0? !Kc'E - Ol . l 3 <iE - 02 . 6b l E- 02 . 176( - 03 o. • 130E-02 • 99 7(-03 o. . 323E - OS . 6451: - 04 426E - 030 

110 . 54':, l 59A . • 121 E- 0? . IY'+ E- 01 .1 39£ - 02 0 734F - 02 . J39E - 03 o . . l43E - 02 9 71 E- 03 o . . 273E - OS 0 662E - 04 . 401E - 030 

115 . 570 16<+3 . . 22\ t-: - O? . 207E-O l .1 34E - 02 . 8011: - 02 . 9 88E-04 o • .1 54(-02 86SE - O':l o . . 229E - 05 653E -04 352E - 030 0 0 

120 . 595 J 684 . .J 4nF-0 2 • ?. I 7E-O l . 12<+E - O?. . ti63f - 02 .64 7E-04 o. . lb4E-02 69 1E- 03 o . • J 83E -05 . 622E - 04 . 287E - 030 

12:, . 620 1 7?0 . . FlOlE - 01 . 2 i!I E- Ol .I 09E - 02 0 9 )9F - 02 . 41 1E- 04 o • . 172E - 02 . S 06E - 03 o. . J42E - 05 . S7 2E -0 4 . 214E - 03 
130 . 6<+,:, 175 1. . 41?[ - 01 • 2 J4 E- Ol . H·nE - OJ . 96 '-Jf - 02 . ?66E-04 o • . 178E- 02 . 34 7E- 03 o . . J0 7E- OS . s osE -0 4 . J46E - 03 
13 :, . 670 17 79 . • J Afi [ -0 3 . 240 E-O l . !>b l E-03 . 10 11: - 01 • 171 E- 04 o. . 18 1E-0 2 . 222E-0 3 o . .754E- 06 .429E - 04 . 904( - 04 

0140 . 695 180? . 7 01F - 04 . ?44f-O l . 49SE - OJ . IOSE - 0 1 .1 04E-0 4 o • .1 82£- 02 . 133E -0 3 o. .468E-06 .354[-04 . SOSE - 04 
)4:, . 720 P l ? !. . JY ,?E - 04 • 2 <+7 E-Ol . J5AE - u3 .I 08E - Ol . 703E - 05 0 • . 18 1E- 02 .72 tl E- 04 o . . 2 ! 9E -0 6 . 286F. - 04 . 258E - 04 
I SO . 745 1935 . • 15?1: - 0c; • 24d E- Ol . 266E-03 • 11 OE - 0 I . AO)E - 05 o • . 178E - 02 . 3 11 E-0 4 o . . 404E - 0 7 . 22 7E- 04 • l 26E - 04 
155 • 770 I 84 7 • 0 . • ?S OE- 0 \ . 2 0bE-03 . IIIE - 01 . 509E - 05 o. . 174E-02 .713E-05 o • o . .1 8 0E- 04 . 639E - 05 
160 • 795 18SS • o. • ?.S J E- 0 1 .1 65E-03 . 112E - Ol .302E- 05 o. . 168E- 02 o. 0 . o • .1 43[ -0 4 . 357E- OS 
165 • ':120 11360 . o • . ?52E -Ol • \ 3Flt:: - U3 .1 12E - Ol . 728E - 06 o • • l63E - 02 o . o . o . .lll E-0 4 .20SE- OS 
170 • 845 I 8h) • o. • ?53E -OI . 119E - 01 .112E- Ol n. o. . 157E-02 o. o. o . .794E-05 . I03E-05 
17':, • 870 1865 • 0 . . ;>5SE -Ol . IOFlE - 03 . 112E-O l o . o . . 15 1E- 02 o. o. o. . 482E -05 . 359E - 06 
180 . 895 I 8">6 . o. . ;>,:,6t. -0 I .IOIE - 03 • ll2E - Ol o. o . .1 46( -0 2 o. o . o . . 243E -O S o • 
18':, • 920 19M, • o. ? 57E-Ol • '-16 4E - 04 . 1121: - 0 l o • o. . 141 [ - 02 o. o . o. . 1051: - 05 o • 0 

190 • 945 1%6 • 0 . • 258E-Ol • \14!E - 04 • 112E - Ol o . o. • 137E -0 2 o • o . o • . 3 08[ -0 f, o • 
195 . 970 I Bh'i . o . . ;:>oOE -0 1 . 92 1E- 04 • 11 2f - Ol o . o. .1 33E - 02 o. o . o • o. o. 
2 00 • 995 1 96'- • o . . ? 60E-OJ . '19AE-04 • ll2E-Ol o. o. .1 29E - 02 o. o. o. o . o • 
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APPENDIX B. --FIAME SPECIES NET REACTION RATE PROFILES 

This appendix contains a partial listing (every fifth value) of the net 
reaction rate profiles detennined for the species observed in the uninhibited 
flame III and the inhibited flame IV containing 1.1% CF3 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 INDE X 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 (1)-~ The remaining columns 
list the net reaction rates, in units of mole cm- 3 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 re ac tion rates, Ki , 
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 a r e 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 considere d 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 r eaction rate for CH4 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 wh ich a particular reac­
tion rate profile can be utilized is limited by the experimental data and the 
curve-smoothing operation (1) -

1 Underlined numbers in parentheses refer to items in the l ist of references 
preceding the appendixes. 



0 
+' 

I NDE X 7. TE '-1P CH4 co 

5 .010 34 9 . . 221E - 04 -. 241 E- 05 
10 .0 9 5 '+l'I • .1 24[ - 04 -. ?35E - o5 
15 • 120 4'-16. • 8S 1E: - oc; -.137 E-05 
20 .145 57 9 . .48 4 £ -0 <; -.1 66E - 06 
25 .110 667. .21 c;E - OS -.1 591: - 05 
30 .195 75 8 . .60 ?E -OI'. -.10 2E -05 
3 5 .220 <1 5? . 5 09[ - 0h -. 3 07 [ -060 

4 0 .245 94 6 . • 7", 7[ -0 1'. -.747[ - 06 
4 5 .270 10 3 7. • 11 SE - 0':i .lO OE - 05 
s o .295 11 2? . • 7 24E: - OI'. . 36 "/E-0 5 
5 5 .32 0 12 0 0 . -.179[ - Qt; . f,4 1[ - 05 
6 0 .3<+ 5 1270. -. 63 i< £ -Q t; • 969E - os 
6 5 .370 1313. -.l 24E -0 4 • \3 7[ - 04 
7 0 . 395 1391. -.1 87f - 04 .1 65E - 04 
7 5 .42 0 I '+4 2 . -.2<+] [ - 04 .1 66E - 04 
BO .445 148 9. -.280£ - 0 <+ .J 5 7E-04 
8 5 • 47 0 I 5 2(:, • -. 30 4[ - 0<. .1 60[ - 0t. 
9 0 .4 95 15c;9 . -. 3 15[ - 04 • l 7bE - 04 
9S • 52 0 15cl6 • -.Jl ? ': -04 .J 9'1E -04 

10 0 .545 1608 . -. 294[ - 04 . 2 15E - o <+ 
10 5 .570 162 7. -. 261[ - 04 . 2 1 I E- 04 
11 O .5 95 1642 . -. 2 l '>F: - 04 • l tiSE - 04 
11 5 .62 0 l 6S <+. -.J b7F - 04 .1 3<>[ - 04 
120 .645 166? . -.JJ 'l[ - 04 .7 90E - 05 
125 .670 16h 7. -. 77 (:)f - Oc; • J l:lOE - 05 
J 3u . 695 1671. -. 4h5E - OS -. 35 1[ - 0':, 
135 .1 20 }6 7 4 . - 250': - 0S - • 734[ - Q:, 0 

140 • 7<+ 5 }677. -.1 2Sf - 0", -. 93 7E- OS 
145 .77 0 Jb7"l. -.7 b9F: - OF- -. 98cE - o5 
150 • 79 5 l'> f< I. - • R6;>f - Ot, -. C,3 :,E - os 
155 • 820 16,- 1 • -, 130[ - 0<; -. f17d E- 0"> 
160 .84 ::i ! '>A l. - • Q£+ i1F - Uf. -. RS'JE - 0'> 
165 . 8 7 0 I 6-< 1. -.ll t.f: - Oh -. h5 c E- O'> 
17 0 . 89':, l bi<O . 0 . -. RlcE - OS 
17 5 . 92 0 16 79 . I) . -.,-, 92E -O '> 
180 . 9 45 I 6 7 '1 . 0 . -. so7E -o -, 

TABLE B-1. - Ne t r eac tion r a te profiles for the specie s in flame III 

NET RE ACTION RATE 

CO2 H H20 OH A H2 02 

-.167E-05 -. 3 10[-05 -.126[-04 -.43JE-06 .659[-06 .462E-OS .211E-04 
-.1 9 0E.-0 5 -. 251 E-05 -.106[-04 -.?.93[-06 .166[-05 -.lBlE-05 • 134[-04 
-.20 SE-05 -.21 6E -05 -.714[-05 -. 164[-06 0 414E-OS -.2IOE-OS .B20E-05 
-. 2 19 E-OS -. 2 15E -05 -.370E-OS -.J99E-07 .6SOE-OS -.2SIE-OS .282E-05 
-.23SE-05 -. 320E-05 -.A47E-06 746E-o7 942E-OS -.311E-OS -.S92E-060 0 

-. 255[-05 -.536E-05 .517E-06 .IIIE-06 • 7B3E-o5 -.363E-05 -.606E-06 
-. 263[-05 -.BO OE-05 - • 779E-06 .846E-07 .388E-05 -.SOlE-05 .228E-05 
-. 261[-05 -.10 2[ -04 -.430E-05 -.433E-07 .486E-06 -.638E-OS .665E-OS 
-. 23 9E-OS -.11 2[ -04 -.866[-05 -.342[-06 -.330E-OS -.709E-05 .A&9E-OS 
- • ! 9 8[-05 -.11 5[ -04 -.lOAE-04 -.886E-06 -.398[-05 -.564E-05 .638[-05 
-.144[-05 -.1 22f -04 -. il OlE-05 -.1 69E-os -.530E-06 -.687[-06 -.158E-05 
-.l OOE-0 5 -.1<+ 6E -04 -. S89E-06 -.268E-OS .499E-OS .794E-05 -.133[-04 
-. 8 4 2[-06 -. 197E -04 .790E-O 'i -. 368E-0 5 .105E-04 !85E-04 -. 257E-040 

-.962E-06 -. 2 28[ -04 .IS2E-04 -.445E-OS .ISBE-04 .284[-04 -.3S9E-04 
-. 9 47[-06 -. 2 <+ 3E - 04 .202E-04 -.4&2E-05 .208[-04 353E-04 -.419[-04 
-.I0 3 E-06 -.21 6[ -04 . 249E-04 -.465E-os .219[-04 .387[-04 -.436[-04 

. 2 I OE-0 5 -.1<+ 8[ -04 . 3 17[-0t. -. 393E-05 .152E-04 .392[-04 -.416[-04 

. ':,60[ -05 -. 6 04 [ -0':, .407[-04 -.270E-OS .999[-06 .374[-04 -.372E-04 

0 

. 'l bOF:-05 2 l bE -05 .493[-04 -.I07E-OS -.159[-04 .328£-04 -.320E-04 

.1 29[-04 .7 88E - 05 .5421:-04 • 795E-06 -.293[-04 .246[-04 -.274[-04 

.J46E -04 .J09F- 04 .532[-04 . 2 73E-OS -. 355[-04 .129[-04 -.?44[-04 

.J<+ ?E -04 .126E-04 .470[-04 .454E-OS -.338[-04 -.579E-06 -.230[-04 

.! 20 E-0 4 .144[ -04 . 385E-04 . 6 00E-05 -.2f>lE-04 -.125[-04 -.?30[-04 

. 9 06[-0 5 .165E -04 .311[-04 . 6 A9E-05 -.163[-04 -.201E-04 -.?34[-04 

. 6 41,[-0 5 • l 75f. -04 . 265[-04 .708f.-OS -.799E-OS -.226[-04 -. 2 36[-04 

. 5 13[- 05 .1 54[ -04 . 2 36E-04 .',5 9E-05 -.197E-05 -.217[-04 -.230[-04 

. 5 46[-05 . 993[ -0 5 .199[-04 . 5 60E-0 5 . 249E-05 -.195[-04 -.21 3[-04 

.71 6E - OS . 32 I F: - O::i .J3ilE-04 436[-05 . 55oE-o5 -.178[-04 -.J82f-04 

0 

0 

.949E-05 -.7<+8 E-06 .h35E-OS . 3 l4E-05 .588[-05 -.167[-04 -.J32E-04 
• J H, E- 04 . I 0 2F - Q':, . 402E- 06 .?JuE.-0 5 . 2 4 3E- OS -.J 5 4E-04 -. 689[ -05 
• J 26E -04 . ts0 7F- Q::, -. 16 5 E. -05 • 129E-o 5 -.384E-05 -.1 32[-04 -.579[ -0A 
.} 23[ -04 .l 65E - 04 -.410[-07 .737[-0 6 -. 9 fl7E-05 -.104[-04 .328[-05 
. 105E. -04 • c l 4E - 04 . 28 2E-0 5 .46 7E-0 6 -.ll OE-04 -. 773E-0 5 . 267E-0 5 
• 77 3[ -05 . 2 02[ - 04 .470E-05 . 5 00E-06 -. 508[-0 S -.592[-05 -. 2 3 8E-O S 
.4 b2E-0 5 .J<+O f -04 . 5 40E-05 .796[-06 .371E-05 -.511E-OS -.91 3E-0 5 
. 220E -0 5 . 65 1E- OS . 6 3JE-05 .l20E-0 5 .898[-05 -.483E-05 -. 1J4E-04 

0 

o. 
o. 
o. 
o. 
o • 
o. 
-.105E-06 
-.5soE-o6 
-.7SOE-06 
-.944E-06 
-.151E-os 
-.237E-OS 
-. 333E-05 
-.414E-OS 
-.463E-05 
-.480E-OS 
-.470E-OS 
-.431E-05 
-.34SE-OS 

H2CO 

.l36f-06 

.l09E-06 
-.191[-07 

.444[-07 

.340[-06 

.345[-06 
-.257[-08 
-.129[-06 

.485E-07 

.152[-0f, 

.224E-06 

.Sl9E-06 

.854[-06 

.918E-06 
789E-060 

.631[-06 

.422[-06 

.lSOE-06 
-.193[-06 

-.191[-05 -.609[-06 
.347[-06 -.908[-06 
.,OBE-05 -.904[-06 
.S76E-OS -.713E-06 
• 774[-05 -.574[-06 
.AS2E-OS -.520E-06 
.1103[-05 -.424[-06 
.661E-05 -.249[-01', 
.486E-05 -.933[-07 
. 335E-o5 -.281[-07 
.?35f-05 -.201 E-07 
.!81 E-05 -.186[-07 
.!44 [ -05 -.209[-07 
.JOO E-05 -.J96E-07 
.462[-06 -.542[-0'l 

-.J48E-07 0. 
-.?04E-06 u. 

CH) 

-.470[-07 
-.193[-06 
-.366[-06 
-.401E-06 
-.302E-06 
-.2M,E-06 
-.444[-06 
- 787E-060 

-.lOlE-05 
-.834[-06 
-.197[-06 

.761[-06 

.215E-05 

.399E-OS 

.Sl4E-05 

.449[-0S 

.283E-OS 

.126E-05 
-.440[-06 
-.211E-05 
-.281[-0S 
-.264E-05 
-.238E-OS 
-.196E-05 
-.115E-05 
-.470E-06 
-.263E-06 
-.292E-06 
-.268[-06 
- .l4bf-06 
-.292E-07 

.852[-08 

.138E-09 
-.S33E-08 
-.218E-08 
-.436E-08 



TABIE B- 2. - Net reaction ra t e profiles for the s pecie s unrelated to the inhibitor in flame IV 

NET REACTION RATE 

INOfX z Tf"IP C"4 co CO2 H H20 OH A H2 02 0 H2CO CH3 

5 • 010 300 . 0 941E-O'i .1 OOE-O'i . 8 15E -06 . 1B9E - 07 .132E-05 o. -. 244E-04 .295E-05 .221 E-04 o • -.117E-07 .143E-07 
10 .0 95 300 . . 235E-04 . 'l09E - Oli . J31E -06 .459f -07 .li20E-06 o. -.167E-04 .1 24E-04 . 259E-04 o • -.202E-OA .l48E-07 
15 • I 20 )49. . 23 7F- 04 -. %9E- 07 -,414E-06 • 1211: -01 -.172E- 05 o. -,9!6E-05 . 882E-0 5 . ?20E-04 o • -.390E-O R . 932E-08 
20 • !'+5 '+27. .J OQE-04 -.7 2'+E - Ob -, Rl 3E - Oli -.II OE -0 6 -,J 81E-OS -, 360E-08 -.449F.:-05 -. 266E-08 • l 13E-04 o . -.J09E-OA . 6 08E-08 
25 , I 70 s in. . 6 17E- O'i -. t->83E - o,-, -,JO'lE-05 -, 362f -06 -,179E-05 -. 92 7E-07 -.B90E-06 -.250E-05 . ABIE-OS o. . Sl7E-08 . 523E-08 
30 , l 95 59 7. .421F. - O, -. fl53E - QA -,J35E - O'> -. 654F - 06 -.330E-OS -. 22 '>E-06 .170E-05 -.399E-OS .394E-05 o. .653E-OA . 43 0E-08 
35 
40 

. 220 

.24 5 
6t' 4. 
769 , 

.405E - O<-; 
,47 /iE - O"-

-.226E-o 'i 
-, ?9 J E- o"i 

-,J7BE - 05 
-. ?56E - O"i 

-. 9 73F -06 
-. I l oE-05 

-,7! 9E-OS 
-.J3 0E -04 

-. 26 7E-06 
-. 26 0E-06 

. SlOE -05 

. B83f - 05 
-.463E-OS 
-.46 7E-05 

.?S'IE-05 

. 205E-05 
o. 
o. 

. 653E -OR 

. BOSE-O B 
. 666E-08 
.J36E-07 

4S .270 853 . 0 49 RE- OS -.409 E- OS -,359E - 05 -.Jl7f -05 -. JBSE -04 -,160E-06 .141E-04 -.456E-OS ,161E-05 o. .IOOf-07 . 8 46E-08 
so • 295 934 . . 341E-O'i -. 549E - os -,454E -05 -, J l4 E-0 5 -. ? 0 3E-04 , 954E-08 • lBBE-04 -.410E-OS .J39E-05 o • .974E-OA -. 5 13E-07 
'>5 • 320 10 l '+, .1 }4F.: - 05 -, 52 1E- o5 -, 48BE - 05 -.} 24f - 05 -. }67E- 04 , l 9JE-06 .185E-04 -.399E-05 .JOBE-OS o • .788E-Ofl -. 327E-06 
60 . 345 1090 . -. 290E - Oli -, 339E - o '> -. 432E -0 5 -. I 77f -05 -, 854E - 05 .121E- 06 .11 9E-04 -.486 E-05 .J27E-05 o . .245F.-08 -. 996E-06 
6S • 370 1 J ,;5 . -.l 04E - 0" -.1 39E - O'i -,10 0E -0 5 -. 2551' -0 5 . 393E-06 . 354E-06 .182E-OS -.705E-05 . 248E-O S o • -.242E-07 -.JS7E-05 
70 .395 1238 . • 1 7 'lE- O'i -.71 8E - Oli -.1 52E -0 5 -. 328F. -0 5 . 'i 73E- 05 . 28 4E-06 -.699F.:-05 -.999E-05 .457E-05 o. -.724f-07 -.123E-05 
7 S • 420 130 7 • , 44 7!:.-0" -.1 S7E - o5 -, F,OdE -0 6 -. 16UF-05 • 396E-05 . 997E-07 -.984E-05 -.1 22E-04 .702E-05 -.426E-06 -.675E-07 -.729E-06 
BO .445 13 74. , 6 1RE - O'i -, 30'>E - Q5 - • fl24E -O f, -. 36kE- 05 -, 443E - 05 -. 2 74E-06 -.457E-OS -.11 5E-04 . B99E-05 -.145E-05 -.475E-08 -. 175£- 05 
85 .47 0 1'+ 3f. . • Sf,OE - 0"- -,433E - O'i - • ?28E -05 -, 47:JE-OS -,l SBE- 04 -.982E-06 .625E-OS -.611E-05 .994E-05 -.!94E-05 . 2 17E-07 -.349E-05 
90 .495 1495 . .25 1E -Q c; -. ? 4 9E-O ':> -, 4 44E- 05 -.tl 9 )F'-0 5 -. 2 51 E-04 -. 2 11E-os .153E-04 .474E-0 5 .926E-0 5 -.!BAE-OS -.508E-07 -.338E-OS 
95 . 520 } 54Q . -, 247 f - O'i , 43S E- os -, F,24E - 05 -.l AlF- 04 -. 2 71 E- 04 -. 389E-OS .lM,E-04 .199E-04 . 602E-05 -.147E-OS -.131E-OA -.105E-05 

100 . 545 159A . -, 8 64 f:: - 0 C, • l )kE - 04 -, f,'+ 7E- o5 -. )l!l F' - 04 -.J 94E-04 -, 603E-o5 .l OBf-04 . 365E-04 -. 9%E-06 -.1 36E-05 -.S94E-07 . 253f-05 
10 5 . 570 }64) . -. 157F- Ot, , UoF.: - 04 -. 446[ - 05 -.41-4F - 04 -.275F - OS -. ID lE.-05 . 296E -O S . S09E-04 -,1 2 1E-04 -.?SOE-OS .ll4E-07 .721E-OS 
11 0 . 595 1 6A4 . -.? ]HF.: - 04 , ?9o E- 04 -.7 J6E - 06 -. 5SSE - 04 .1 80E - 04 -.l04E-04 -.272E-05 .S96E-04 -.?63E-04 -.53SE-OS .173F.: -06 . 116E-04 
11 5 • 620 1120 • -. 32Af - 0 4 . 34 >3E - n4 • ~141::-0 'i -. 5 33F - O'+ , 36BE - 04 -.11 6E - 04 -.254E-05 .60SE-04 -.413E-0 4 -.924E-OS .746£-06 .124E-04 
120 . 645 l 75 1. -.4 0~[ - 04 . 3 12E - 04 • -, :it->E - 05 -. 1B2E -0 4 , 489E-04 -.llSE-04 . 5 74E-0 5 .S 37E-04 -. S39E-04 -.J24E-04 . B96E-06 .789E-05 
125 . 670 177"1. -.45/I E- Oi. . 161:>E - 04 . 62 1E- OS -.J<+ JF -04 . 5J9E - 04 -,911E-05 .l64E-04 .408E-04 -.Al3E-04 -.126E-04 .269F.:-06 . 6 46E-06 
130 .A95 1 !lO? . -.4 5',[ - 04 • 3Ju E- 04 . <,5 JE- 05 • I OO F.: - 0'+ . 5 So E-o4 -,425E-05 .172E-04 .249E-04 -.617E-04 -.897E-05 -. 935E-07 -.470E-OS 
13:, , 720 l '3 2 1 . -, J9 '1E - 04 . ?t->6E - 04 . >1 tiOE - OS . 268[ -0 4 . So'lE - 04 . 262E -OS .236E-OS . BS3E - OS -,S54E-04 -. 2 14E-os -.190E-07 -.635E-05 
140 .7<+5 18]5 . -, ]01f - 04 .! 85E - 04 . lJSE- 04 , J29E - O'+ . 6 17 E- 04 .! OOE-04 -.232F.-04 -.609E-OS -.451E- 04 .S58E-05 .361E-07 -. 5 79F-OS 
1'+ 5 .77 0 
IS O ,7 95 

1B47. 
l BSS . 

-. 200[ - 04 
-,ll 'i E- Oi. 

.! 02E - 04 

. 2ti4 E- 05 
, 2 0 1E- 04 
, 25?f - 04 

. 309E - 0'+ 

. 264F -04 
. 6 76E - 04 
, 698E. - 04 

• I SBE- 04 
.}A4E-04 

-.487E-04 
-.629E-04 

-.179E-04 
-.262E-04 

-. ]47[-04 
-.?73E-04 

.!16E-04 

.!43E-04 
-.207[-Qf, 
-.520E-06 

-.436E-OS 
-. 2 SOE-OS 

155 . 820 1860 . -. 591 E- O'i -, 3 1YE - o<-; , 25BE - 04 . 2 42E - 04 . 6J2E -04 .17 3E-04 -. 5 91E-04 -.306E-04 -. ?35E-04 .!38E-04 -.S95E-06 -.103E-05 
160 .84:, 18f,) . -.311 E- O'-' -, 79/jE- O':> , ? 14[ - 04 . 2 "> 2E- 04 , 46tlE-04 • J33E-04 -.389E-04 -.308E-04 -. ?. lSE-04 .112E-04 -.257E-06 -.547E-06 
165 , 870 
17 0 .8 95 

l!l'>S. 
}8/,6 , 

-, 20AF'- 0'-
-,17;:> E- O"-

-.117 E- O'+ 
-.l '+OF'-04 

• I )'lE - 0'+ 
. l:>~4E - 05 

. <' 66F. - 04 

. ?.:,4[ -0 4 
. 244 E-04 
. 350E - 05 

. B2 6E-OS 

. 388E-05 
-.ll!E-04 

.124E-04 
-.27SE-04 
-.223E-04 

-.189[-04 
-.J50E-04 

. A04E -05 

. 'i36E- 05 
-.152E-07 
o. 

-. 8 77E-06 
-. 90SE -06 

17':, .<!2 0 
180 , 945 

}%f, . 

l -H-6 . 
-.l) flE-0 '-
-,45?.F - O'-

-.1'+4f - 04 
-. lc4 E- 04 

• l43E-0 5 
, 41 1E- Q-, 

. <'OSE - 04 
, l))F' - 04 

-. 953E - 05 
-.1 261:: - 04 

.1 02E - OS 
-. 115E-06 

. 23 7 E- 04 

.230E-04 
-.17 2E-04 
-. 137E-04 

- • ! l lE-04 
-.906E-05 

. 344E-05 

. 216E -OS 
o. 
u. 

-. 24 BE - 06 
o. 

,,. 



TABLE B- 3. - Net reaction rate profiles for the species r elated to the inhibitor in flame IV 

NET REACTION RATE 

I NDF. ~ 2 Tf"IP CFl,1,; H> H4~ KR CH]l:W HCO f2CIJ CH2CF2 H02 AR2 CFJH CF2 

':, , 070 300 . -. ) 7 :> f - 1)1- , '-i 'idF - Oh . n qr - o1 (J , -. IJbE - 013 0. ,l 8 1E-07 ,207E- 0 7 o. , 4J5E -08 , 148E -O A -,1 92E -07 
10 , 0'-1':> 300 . - , 2 1 <;F - o)CC , "ht:S ': - n;, . ~9KE - Ur:1 o. -, 473f-09 o. -,<'8 1E-09 -,1 96E - 07 o. , 229E -OA ,81 2E-09 ,lOO E- 08 
l ':, • 120 14 '1 , -, ;>J7F - O<, -. 71,-, 0 _- 0 7 -, l'IOC: - 0 7 u . -, lOJE - 0/\ o. -, 279E. - 07 -,47 2E - 07 o . -,477E-09 -, 975E-0 9 , J28E - 08 
20 , 145 4'<'7 . -, l O><f - Oc; - , ~<'1 ~- (Jh -, -'U?f-07 -, =>=><'<: - 0 1 -, 101[-0H o. -, 41 5E - 07 -,42 0E-07 o . -,998E-IO -, J76E -1 0 , J82E - 08 
25 , 17 0 5 l O, -, 591> - ()1- - , '-,4 3F. - 0'1 -, I J?t: - 06 -, J74• -0 6 -,7 6':>E -08 o. -,498£ -07 -,114E- 07 o . ,1 56E -08 , J50E -0 8 -, 597F-08 
JO , 195 59 7, -, 28hr. - 0" - , h4':, ': - 0'- -, 107E - 06 - , '>'17E - Ob -,l floE. - 07 o. -, 499E - 07 -,l4JE- 0 7 o. , 4 17£-0A ,42 ! E-Oil -, 2J5E - 07 
):, , 2,'0 6/\4 , ,1 77 F- 07 -, 71:l l E- O" -, ?U!r. - 07 -, '-11 JF - 06 -, ?64t - 07 o. -,422E - 07 -,6 32E -07 o. , /1 14E-08 -,472E -0 8 -,4 29E - 07 
40 , ?4 5 7t,'-l , • 1h 1 - - Of- -.1 0 1<: - o, , 47 ) [-0 7 -.l O'iF -O S -, ?50 - 0 7 o. -, 298E -07 -,lOJE-06 o. ,154E-07 -.139F.-07 -, 6 04E-07 
4 ':, , ? 70 8'-,J , , 8 71if - O~ -, I2 7E-O '-> , '10?E -08 -,ll '-'F-05 -,146E -07 o. -, 1361::- 07 -.120E-06 o. • ?J OE-07 -. l 1 lf-07 -,750 E-07 
:,0 , 29':> ~-j4 . ,1 4'- f - 0'-, -, 11dC: - O'-> -, 14IE - OI:> -, l r'<+f - O':>· , I 20t -08 o. ,494F. -0 8 -,ll4E-0 6 o. , ? lOE-07 -,379F.-0 9 -,87J E- 07 
5':, . 3?.0 I O l 4 , • l 9 1 t. - 0.., - , 11cE - oc, -. :>~lE - 06 -, l ?bf -O ':, , 226E -07 o. . 236E - 0 7 -. 2'i6E -07 o . ,651E-OA , 526F. -O R -, 952E-07 
60 , 34'-i 1090 , , II l t - O<, -. -.oof - 01:, - , 1l3E - 07 -. l ?cF - OS , '>5ilE - 0 7 0 . ,4 00E - 0 7 ,1 22E-06 o • -,909E-08 -,407E-0 " -, 917E - 07 
6', . 370 l l,...~ . , ?O 7~ - 0" -. J l bE - 0'> • l e' I E- 06 -.I O">F - 05 ,I OJE -06 o. ,498E-0 7 • I SB E-06 o. -.1 52[ - 07 -,I JOE -07 -, 616£ - 07 
7 0 , 395 l2JR , • 1 7Sr.- uc. • 1 nvE - 0" , 490E -Oh -, TOJF - 06 , l => l E- 06 o . ,498£ - 07 ,1 5 7[ - 07 (J , -,114E- 07 , 200E-0 8 ,1 351: -07 
7-:, , 4 ,'0 1307 , , l r'Of - Qc, , "11£ - 06 . .. I ?E - 01:> -, l45f - Ob , I '1;>£ -0 6 0 . , 44JE - 07 -.1 53E - 07 o. -, 'llOE - OA , 245[-07 ,1 47£ - 06 
t!O , 44'-, I 374 , , 49 lf- 0" , t.'1uf - Oh , 169E - Oh , ':,P.Qf - 06 , ?24E-06 0. ,494f - 0 7 , 342E- 06 o. -.1 03£-07 ,21 2F -07 , 3J3E-06 
8':, , 470 14 lh, -,4J? ~ - 0"- , 7 J'-IE - Oh , '-,'l 4E - 0'> ,l )YF - 0'> , i' 471:.-0h o. , 8R2E -07 , 820E-06 o. -,lll E-07 ,142E -07 , 54 1E -06 
90 , 4'-l':, l49 'i . - • I l'i4 t_ - O<, • J':>JF - nS , 9HOE - 06 , 2 l'ff-O ':, , 2J9E - Ofi o. ,I BlE-06 ,1 07E - O':, o • -,11 2£ - 07 , 393E-07 ,7 08£ - 06 
95 , 5<'0 I 549 , -, 307F - O<-. , J(JJ[ - 0 ':> • I lOE - O'i , 2Hcf - O'> • I 5'if - Oh o. , 330E - Ofi ,1 36E - O':, o. -,759E-OI! , 683E - 07 , 767£ - 06 
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APPENDIX C.--LIST OF SYMBOLS 

Symbol 

A 

amu 

1m 

K 

RRK 

T 

z 

p 

Units 

moles cm- 3 sec- 1 

sec- 1 (1st order) 
cm3 mole- 1 sec- 1 

cm6 mole- 2 sec- 1 

g mole- 1 

K 

cm 

(2d order) 
(3d order) 

Definition 

Area expansion ratio. 

Atomic mass units. 

Binary diffusion coefficient of 
species i with argon. 

Fractiona l mass flux of species i. 

Mass spectral intensity at mass m. 

Degrees kelvin. 

Net reaction rate of species i. 

Chemical reaction rate coefficient of 
reaction j. 

Thermal diffusion ratio of species i. 

Gram molecular weight of species i. 

Rice-Ramsperger-Kassel theory of 
unimolecular reactions. 

Temperature. 

Bulk flow velocity. 

Mole fraction of species i. 

Perpendicula r distance from the burner 
surface to sampling probe tip. 

Mean mass density. 
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