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STRUCTURE STUDY OF A CF 2 Brr1NHIBITED METHANE FLAME 

Effect of CF 2 Br2 on Composition, Net Reaction Rates, and Rate Coefficients 

by 

J. F. Papp, 1 C. P. Lazzara, 2 and J.C. Biordi 3 

ABSTRACT 

The microstructures of a CF2Br 2-inhibited methane flame and its uninhib­
ited analog have been determined using molecular beam-mass spectrometry. The 
slightly lean flames were stabilized on a cooled porous plug burner at reduced 
pressure. Composition profiles of stable, intermediate, and radical species 
and temperature profiles were obtained. Comparisons of the uninhibited and 
inhibited flame profiles revealed the following inhibition effects; a shift of 
the primary reaction zone to higher temperatures, a higher maximum flame tem­
perature, an increase in the CH 3 concentration, and a reduction in the H2CO, 
H, O, and OH concentrations. Kinetic analyses of the data yielded rate 
coefficients at flame temperatures for the reactions H + CH4 + CH3 + H2, 
H + 02 + OH + O, CO + OH + CO 2 + H, and CH3 + 0 + H2CO + H. CF2Br2 is judged 
to decay by thermal decomposition and abstraction reactions. 

INTRODUCTION 

Chemical flame inhibitors act by interfering with the normal chemical 
reaction paths of flame propagation. This report is one of a series document­
ing an effort to provide the data required to understand the mechanisms by 
which flame inhibitors operate at the molecular level. 

In preceding papers the microstructure, kinetics, and mechanisms have 
been reported for methane flames containing 0.3% and 1.1% CF3Br (3, 6-7, 11, 
13-14). 4 These studies indicated that the fluorocarbon part of the inhibitor 
molecule is important to the inhibition process and that reactions of the CF 2 
radical are primarily responsible for the formation of the major fluorine­
containing species. 

1Research physicist, Pittsburgh Research Center, Bureau of Mines, Pittsburgh, 
Pa. 

2Research chemist, Pittsburgh Research Center, Bureau of Mines, Pittsburgh, Pa. 
3Associate Research Director, AeroChem Research Labs, Princeton, N. J.; 

formerly research chemist, Bureau of Mines, Washington, D.C. 
4Underlined numbers in parentheses refer to items in the list of references at 

the end of this report. 
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The microstructure of a methane flame containing CF 2Brz was chosen for 
examination to determine the effects of a similar inhibitor molecule. Some 
questions to be answered by the CFzBrz study include--

I. Does CF 2Brz lead to the same or a different set of inhibitor related 
species in the flame? 

2. Is the fluorine chemistry significantly altered by the absence of 

3. Does the additional Br alter the bromine chemistry? 

4. What is the effectiveness of CF 2Br 2 relative to the previously stud­
ied CF 3Br? 

The CF 2Brz microstructure data also provide additional information for clari­
fying the mechanism of Halon 5 inhibition of methane flames and for obtaining 
high-temperature reaction rate data. 

In this experimental study, the microstructure of a CFzBr 2-inhibited 
methane flame is considered. The experimental procedure is briefly discussed, 
and some background theory is presented to clarify the methods utilized to 
analyze the data. The results section contains the calculated data (tempera­
ture, composition, flux, net reaction rate, and reaction rate coefficient) 
represented graphically, and observed relationships among the data. In the 
interpretation section, reasons for the observed relationships are presented. 
In the conclusion section, the effect of CF 2Br 2 on the flame system is dis­
cussed and experimental conditions are considered. 

EXPERIMENTAL 

The apparatus and techniques used to acquire the flame structure data and 
the data processing have been previously described (1_-2_, _2,-~, lZ_-28, 30). A 
brief description is presented here. 

Two premixed flames were examined at 0.042 atmosphere ambient pressure: 
a slightly lean CH 4-o 2-Ar flame (flame 5) and a similar flame with 1.05 mole­
percent CF 2Br 2 added (flame 6). Table 1 contains a summary of the flame char­
acteristics. The flames were stabilized on a water-cooled, porous-plug, flat 
flame burner with a 10-cm diameter. A stable 1.05% CF 2Br 2-inhibited flame was 
achieved at a total mass flow rate of 3.2 x 10- 3 g cm- 2 sec- 1• The flow rates 
of methane, oxygen, and argon were controlled by critical flow orifices. A 
glass flowmeter tube was used for CF 2Br 2 because critical flow orifice condi­
tions could not be attained owing to its low vapor pressure at room tempera­
ture. The purity of the CF 2Br 2 was verified by mass spectrometry. 

5Reference to specific trade names is made for identification only and does 
not imply endorsement by the Bureau of Mines. 
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TABLE 1. - Characteristics of flames 5 and 6 

Flame 5 Flame 6 

Inlet flow rate, g sec- 1: 
CH4 • •••••••••••••••••••••••••• 0.0108 0.0108 

0.04550.045502•········••0••·············· 
0.1808 0.1808 

CF 2Br 2•••••••••••••••••••••••• 

Ar •••••••••••••••••••••••••••• 
o.o 0.0147 

Inlet mole-percent: 
CH4• •••••••••••••••••••••••••• 10.17 10.06 

21.48 21.25 
Ar • ••••••••••••••••••••••••••• 
0,., • •••••••••••••••••••••••••••,. 

68.35 67.64 
o.o 1.05CF 2Br2• ••••••••••••••••••••••• 

1 -1 49.07 49.59v 0 , cm sec ••••••••••••••••••• 
1,853 1,998Tmax 2 , kelvins•••••••••••••••••• 

2,375 42,353 
A5 • • •••• • • • • • • • • • • • • • • •• • • • • • • • • 
Tad 3 , kelvins•••••••o••••••••••• 

1.0 + 0.35z 1.0 + 0.35z 
p6, atmosphere •••••••••••••••••• 0.042 
1Inlet gas velocity calculated from measured inlet 

0.042 

volumetric flow rate and burner surface area. 
2As measured in the absence of the mass spectrometer 

sampling probe (5). 
3Calculated adiabatic flame temperature. 
4In the absence of measured expermental thermodynamic data 

for CF 2Br 2, as estimated heat of formation of 
99 kcal mole-1 was used (38). 

5Area expansion ratio (dimensionless) expressed as a func­
tion of the distance from the burner surface (z) in cm, 
for O < z < 1 cm. 

6Ambient pressure. 

Flame gases were sampled directly by a modulated molecular beam mass 
spectrometer system via a quartz sampling cone. The cone, with an overall 
outside angle of 39° and an orifice diameter of 87 µm, was designed to 
minimize flame perturbation and still preserve the identity of radical and 
intermediate species. A schematic of the system is shown in figure 1. 

Composition profiles of stable, intermediate, and radical species were 
obtained in both flames. The techniques for detecting, identifying, and mea­
suring the observed species were the same as those used in the previous flame 
studies with the following exceptions. Hand O atoms and OH radical concen­
tration profiles were determined from corrected mass spectral intensity mea­
surements and calibration factors that were computed by using the "partial 
equilibration" concept (12, 31) and the known stable species concentrations in 
the hot gas region of theflames (z > 1.0 cm). The CF2Br 2 concentration was 
monitored in the inhibited flame as mass 129 (CF 2Br+). Calibration of the 
mass spectrometer system for CF 2Br 2 with the flame 6 inlet gas mixture 
resulted in erroneously high CF 2Br 2 mole fraction values in the inhibited 
flame near the burner surface. The reasons for this discrepancy were not 
determined, and so a calibration factor for the CF 2Br 2 mole fraction profile 
was selected that forced the initial mole fraction values to equal the known 
CF 2Br 2 concentration in the inlet gas mixture. 
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Temperature profiles 
were determined for each 
flame with a silica-coated 
fine wire Pt-Pt 10% Rh ther­
mocouple. The temperatures 
were corrected for the 
radiant energy loss of the 
thermocouple. The area 
expansion ratio (3) for 
flames 5 and 6 was assumed 
to be the same as that 

78.7 experimentally determinedpum 
for a previous flame of sim­
ilar initial flow velocity. 

The specific details of 
To booster the experimental apparatus 

pump and procedures have been 
published with respect to 

Cone,,,-----,--=---Flame the construction and per­
Porous plug formance of the burner, sam­

burner 
pling probe, and mass spec­

_L
48.3 

trometer (4); thermocouple 
construction and temperature 
measurement (4); probe per­~~~~~xr 

_ To diffusion 

i-
~~: J~~===!J "====" s~i~~~~ turbation of the flame (1); 

Cold trap 

Mass 
filter 

_Water 
(Only one feed and identification and mea­
through shown) L_ Threaded rod moves surement of stable and radi­

and supports 
burr.er cal species (~, i-J_, .2,, ~, 

45.7----------, E-28). 

Note: Skimmer orifice to cone tip= 5.8 THEORYSkimmer orifice to ionizer =9.4 
Skimmer orifice diameter =0.25 
Cone orifice diameter =0.0087 Chemical inhibition 
All dimensions are centimeters results from chemical inter­

ference with the normal reac­
FIGURE 1. - Molecular beam-mass spectrometer system tion pathways of a flame. 

used to study low-pressure flat flames. Two fundamental macroscopic 
characteristics of a flame 

are adiabatic temperature and adiabatic burning velocity. The burning veloc­
ity is a complicated function of several variables, including the collective 
effect of the chemical reactions and diffusion processes that propagate a 
flame. A substance is considered a chemical inhibitor when adding a small 
amount of it to a flame--an amount that does not significantly alter the cal­
culated maximum adiabatic flame temperature--results in a substantial reduc­
tion in the adiabatic burning velocity and/or flame extinguishment. The 
objective of this flame structure study is to identify the mechanisms by which 
inhibition is achieved. Measured tPmperatures and species concentrations are 
translated into species net reaction rates, which are analyzed in terms of 
elementary chemical reactions and reaction mechanisms. 
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The method of flame structure analysis is to adopt a physical model by 
which the measured mole fraction and temperature data are interpreted. This 
model represents the physical phenomena known to occur in chemically reacting 
and flowing gas systems. The physical phenomena are convective energy trans­
fer, radiant energy transfer, convective mass transfer, aerodynamic divergence 
of the gas flow, concentration diffusion, and thermal diffusion. Reference 30 
contains a detailed description of the physical model. 

Application of an energy balance equation to the thermocouple, consider­
ing convective heat transfer from the gas to the thermocouple and radiative 
heat transfer from the thermocouple to ambient walls, yields an expression for 
the gas temperature, T

9 
(24). 

Here, Tm is the measured thermocouple temperature based on the thermocouple 
voltage and NBS calibration tables (32); e is the thermocouple emissivity, 
assumed to be 0.22 (15); o is the Stefan-Boltzmann constant; dis the thermo­
couple wire diameter-:--measured at the Pt-Pt 10% Rh interface; n is the vis­
cosity of the ambient gas; pv is the ambient gas mass flow rate; Tw is the 
ambient wall temperature; A is the ambient gas thermal conductivity. 

The value of n and A are approximated by taking those values for pure 
argon (21). Since n and A are dependent upon the unknown gas temperature, the 
above equation is iterated. First T9 is assumed to be Tm for the purpose of 
calculating n and A, then the T9 recalculated using the last calculated value 
of T9 for the purpose of calculating n and A until the change in T9 is small. 

Through the physical model, species fluxes are calculated from the mole 
fraction data. Species fluxes are utilized to interpret the dynamics of the 
flame process. The conservation of atomic species is applied to the data by 
summing the molecular species fluxes over their atomic constituents. Applica­
tion of this conservation law provides a measure of the accuracy of the data. 

Species net reaction rates, calculated from the species fluxes, are uti­
lized to deduce the chemical mechanism of flame propagation. By comparing 
these rates between inhibited and uninhibited flames, the chemical mechan­
ism(s) of inhibition may be inferred. 

Also, the rate data are used to test the accuracy of the flame structure 
data. Where a mechanism for the reaction of a species is known and sufficient 
chemical kinetic data are available, chemical reaction rate coefficients can 
be calculated from species concentration and net reaction rate data. The con­
sistency of chemical reaction rates determined under similar physical condi­
tions is a measure of the accuracy of the flame structure data. 
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A quasi-one dimensional model (17, 30) is used to calculate fractional 
mass flux profiles, G1, for each species-(i) according to the equation 

dX 1 + k d lnT] }. (A)[ dz Ti dz 

where z is the perpendicular distance above the burner surface, Xi is the mole 
fraction, Mi is the molecular weight, Di-Ar is the binary concentration dif­
fusion coefficient with argon, kT is the binary thermal diffusion ratio with 
argon, vis the average bulk flowivelocity, and Tis temperature. Gi repre­
sents the fraction of the total mass flux per unit area that is due to spe­
cies i. Individual species net reaction rates (Ki), the sum of the rates of 
all reactions forming and all reactions consuming a given species, are calcu­
lated as: 

P0 v 0 d 
(B)Ki= A(z)Mi dz Gi 

where Po and v 0 are the cold gas density and velocity, respectively, and A(z) 
is the area expansion ratio. These net reaction rates, together with the con­
centrations and temperatures at each position in the flame, are the starting 
point from which kinetic analyses and deductions about mechanisms are made. 

Computing fluxes from mole fractions requires the spatial derivative of 
the mole fraction profile, and computing of net reaction rates from fluxes 
requires the spatial derivative of the flux profile. (See equations A and B.) 
The calculation of derivatives requires a dense set of data points that are 
relatively smooth. Small variations in the mole fraction profile may result 
in large oscillations in the net reaction rate profile. To get a smooth, 
dense set of data, the measured data are interpolated and then smoothed. 
Smoothing is done by sequentially least-square fitting a second-order poly­
nomial to 25 interpolated data points at a time (30, 34-35). This procedure 
is repeated until a satisfactorily smooth mole fraction profile is achieved. 

The physical models for data analysis, the computation of Di-Ar and kT, 
some procedures for the reduction of concentration data to net reaction ratJ 
profiles (30), and the applicability of these techniques to the determination 
of chemicalreaction rate coefficients have been discussed in detail elsewhere 
<i, .!Q). 

RESULTS 

The thermocouple voltages and mass spectrometric intensities were con­
verted to temperatures and mole fractions. Subsequent analysis yields dimen­
sionless mass fluxes, net reaction rates, and the atomic species conservation 
profiles. For some reactions, rate coefficients are calculated. These data 
are graphically presented in this section, and observed relationships among 
the data are made. 
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Figure 2 shows unmodified temperature profiles for flames 5 and 6. The 
solid line represents the uninhibited flame 5, and dashed line represents the 
1.05% CF 2Br 2-inhibited flame 6. 

For the inhibited flame 6 relative to the uninhibited flame 5, four dif­
ferences are observed: (i) the maximum flame temperature is greater; (ii) the 
maximum flame temperature is achieved at a greater distance from the burner 
surface; (iii) the spacially averaged temperature gradient across the flame 
zone is smaller; and (iv) the temperature profile inflection point is achieved 
at a greater distance from the burner surface. Using superscripts "I" and "u" 
to denote inhibited and uninhibited, respectively, the parentheses to denote 
functional dependence, and the bar symbol(-) to denote the global or spa­
cially averaged value, these observed relations may be summarized as follows: 

3QQ.___ _.___-'---'----'----'---...J....----J..-----'------'----' the mole fraction profiles0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
and the temperature profileDISTANCE FROM BURNER SURFACE,cm 
for flame 5. Figures 5-8 

FIGURE 2, - Temperature profiles of the flames studied, The show the mole fraction pro­
solid line represents the methane-oxygen-argon files and the temperature 
flame (flame 5), The broken Iine represents the profile for flame 6. In 
CF 2 Br2 -inhibited flame (flame 6), these figures, the symbols 

1,900 

1,700 

1,500 
1/) 
C: 

> 
<I) 

-"'.. i,300
IJJ 
a:: 
::::, 
1-
<l: 
~ 1,100 
a.. 
:E 
IJJ 
1-

900 

700 

500 

2 ,I 00 .---.---.---.-------.----,----r--~-----.-----.---, 
Tmlx > Tm~x 

z (Tmlx) > z (Tm~x) 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I The chemical species 
I identified and measured inI 

I the CH4-02-Ar flame 
I 

I (flame 5) are CH 4, o2, H2CO, 
I 

I H2, CO, O, OH, H, CH3, H20, 
I and CO 2• In addition toI 

I these chemical species, the 
I 

I following are identified and 
I 

I measured in the CH 4-o 2-Ar 
I flame initially containingI 

I 1.05% CF2Br2 (flame 6):
I 

I CF 2Br2, CH2CF 2, CH 3Br, F2CO, 
I HBr, Br, CF 2, Br 2, and HF. 

I 
I Concentration, flux, and net 

reaction rate profiles are 
calculated for each of these 

I 
I species. 

Figures 3 and 4 show 

I 
I 

I 
I 
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FIGURE 7, - Composition profiles for the major FIGURE 8, - Composition profiles for intermedi­
stable and intermediate species re­ ate species related to the inhibitor 
lated to the inhibitor in flame 6, in flame 6, 

represent data points, the solid lines represent the smoothed mole fraction 
profiles computed from the data points, and the dashed lines represent the 
smoothed temperature profiles computed from the temperature data points, which 
are not represented in these figures. The temperature data are taken in the 
absence of the mass spectrometer quartz cone sampling probe. The temperature 
profiles of figures 3 and 5 have been matched to the species profiles by cor­
recting the temperature profiles for the cooling effect of the quartz probe 
(4-5). Data were taken from the burner surface to a point 13 cm above the 
burner surface. Since the flame region of interest here is the primary reac­
tion zone, smoothed profiles are calculated only to 1.3 cm and are here repre­
sented only to 1.0 cm. 

The composition profiles obtained for flames 5 and 6 (figs. 3-8) show for 
both flames that as the fuel (CH 4) and oxidizer (0 2) disappear, intermediates 
(HzCO, Hz, CO) and radicals (0, OH, H, and CH 3) appear. Appearing along with 
the intermediates and radicals are the stable products (HzO and COz). (Since 
these flames are slightly fuel lean and equilibrium conditions are not 
achieved, there is residual o2.) In addition to these species common to both 
flames 5 and 6, figures 6-8 show for flame 6 the disappearance of the inhibi­
tor, CF2Brz, accompanied by the appearance of the intermediates, CHzCF 2, 
CH3Br, Brz, FzCO, and HBr, radicals Br and CFz, and the stable product HF. 
Owing to the low ambient pressure (0.042 atm), the secondary reaction zone is 
greatly extended past 1 cm. This extension makes some of the intermediates 
and radicals (Hz, CO, H, o, OH, Br, F 2CO) appear as products in these figures 
at z = 1 cm. 
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The flame microstructure composition data represented in figures 3-8 
reveal five distinguishing features in the comparison of the inhibited flame 
relative to the uninhibited flame. For the inhibited flame: 

i) CH 4 and o 2 disappear initially more slowly, then more rapidly; 

ii) H2 , CO, CO 2 and H2O appear initially more slowly, then more rapidly; 

iii) the composition profiles of the species not generated from the inhib­
itor molecule are shifted to higher temperature; 

iv) the maximum concentrations of the species not generated from the 
inhibitor molecule (except for H, O, OH, CH 3 , and H2CO) are similar; 

v) there are many additional (inhibitor generated) species. 

Species maximum concentrations are compared in table 2. These show that 
the concentrations of CO, CO 2 , H2O, OH, and H2 in flames 5 and 6 are quite 
similar. H, O, H2Co, and CH 3 concentrations are quite different. 

TABLE 2. - Comparison of flames 5 and 6 species maximum concentrations 

Species 
Temperature at maximum 
species concentration, 

kelvins 

Species concentration, 
mole cm- 3 Concentration ratio, 

flame 6/flame 5 
Flame 5 Flame 6 Flame 5 Flame 6 

co ••••• 
co 2 • ••• 
H. • • • • • 
H2O•••• 
OH••••• 
Hz••••• 
0 •••••• 
H2CO ••• 
CH 3 •••• 

1,655 
1,752 
1,752 
1,753 
1,753 
1,578 
1,753 
1,392 
1,474 

1,826 
1,895 
1,898 
1,896 
1,896 
1,760 
1,895 
1,778 
1,697 

1. 70 X 10-8 

2.11 X 10-8 

4.73 X 10- 9 

4.76 X 10-8 

3.07 X 10- 9 

1.01 X 10-8 

2.34 X 10- 9 

3.50 X 10-10 
9.40 X 10-10 

1.69 X 10-8 

1.86 X 10- 8 

6.61 X 10-9 

4.10 X 10- 8 

3.2 X 10-9 

1.16 X 10-8 

3.20 X 10- 9 

7.57 X 10-11 
10-91.39 X 

0.99 
.88 

1.40 
.86 

1.04 
1.15 
1. 37 

.22 
1.48 

The H, O, and OH radical concentrations are in partial equilibrium where 
their maximum concentrations are achieved. As a function of temperature the 
H, O, and OH radical concentrations are reduced in the inhibited relative to 
uninhibited flame. Figures 9-11 are plots of the mole fraction of H, O, and 
OH versus temperature for both flames 5 and 6. H, O, and OH concentrations of 
flame 5 can be compared with those of flame 6. These figures show that at all 
temperatures common to the inhibited and the uninhibited flame, the H, O, and 
OH radical concentrations are reduced in the inhibited flame. 
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TEMPERATURE, 102 kelvins at the temperature of zero 

flux. An upward arrow indi­Hydrogen atom mole fraction for flames 5 and 6 
cates positive flux, paral­plotted as a function of temperature, The solid 
lel to the bulk flow. Aline represents the uninhibited flame 5, The 
downward arrow indicatesbroken line represents the inhibited flame 6, 
negative flux, anti-parallel 
to the bulk flow. The 

Figures 12 and 13-­
plots of the HzCO and CH3 
mole fraction versus temper­
ature in flames 5 and 6-­
allow direct comparison of 
the HzCO and CH 3 concentra­
tions. As shown in fig-

I ure 12, the uninhibited 
I flame H2CO concentration is 
I greater than that of the 
I 
I inhibited flame. Figure 13 
I shows that the peak CH3 con­
I centration in the inhibited 
I flame is greater than that 
I in the uninhibited flame.
I 
I 
I Dimensionless mass 
I fluxes were calculated for 
I each species using equa­
I 
I 

tion A. Figure 14 gives the 
I salient features of the spe­
I cies flux profiles in the 
I inhibited and uninhibited
I 

flames and the direction ofI 
I the net mass fluxes as a 

I function of temperature. 
I Flame 5 data are represented

I on the left side of the fig­I 
I ure, separated from the 

/ 
I flame 6 data on the right 

side of the figure by the 
temperature axis at the cen­

17 19 ter. The species symbol is 

fluxes of several species are everywhere positive for T > 1,400 kelvins. 
These species are parenthesized at the bottom of the figure. Species fluxes 
of the inhibited and uninhibited flames are similar in relative order and 
direction with the inhibited flame zero fluxes all shifted to higher tempera­
ture. The figure also shows H, O, and OH radical net fluxes from the high­
temperature region to the low-temperature region. 



12 

0.012 

.010 

.008 

.!:? 
C 

u 
i 006 
~ 
0 
E 
0 

004 

.002 

0 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

/ 
/ 

/ 
// 

0.012 ~-.---.-.------r--.r---r--,--r--.---.--,-----r---,----, 

.010 

.008 
C 
0 

·;: 
u 
_g 
., .006 
0 
E 

:r 
o .004 

.002 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 

I 
I 

I 

5 7 9 II 13 15 17 19 5 7 9 II 13 15 17 19 

TEMPERATURE, 10 2 kelvins TEMPERATURE, 10 2 kelvins 

FIGURE 10, - Oxygen atom mole fraction plotted FIGURE 11, - Hydroxyl radical mole fraction 

ob=::d:==±::::i=I::::::_L.........--1~'1.'.":'./i___,_J 

as a function of temperature for the uninhib­

ited (flame 5) and CF 2Brrinhibited (flame 6) 

flames, The solid line represents the unin~ 
hibited flame, The broken line represents 

the inhibited flame., 

0008 

.0006 

.0004 

.0002 

0 .___,_____..__.......,...:.,::..=.."---'-~'----'-~-;.....,.-.J....~~ 

004 

CC 
0.2 

u g .003
i ., ., 
0 0
E E 

,;; .0020 
u I 

N 
:,:: u 

.001 

5 7 9 II 13 15 17 19 
TEMPERATURE, 10 2 kelvins 

7 9 

versus temperature for uninhib­
ited flame 5 (solid line) and 

CF 2Brrinhibited flame 6 (bro­
ken Iine), 

,-, 
I \ 

I \ 
I \ 
I 

I I 
I I 
I I 

I 

I 
I 
I 
I 
I 
I 
I 

I I 
I I 

I 

II 13 15 17 19 

TEMPERATURE, 10 2 kelvins 

FIGURE 12, - Formaldehyde mole fraction versus FIGURE 13, - Methyl radical mole fraction 
temperature, Solid line-uninhibit­ versus temperature, Solid line is for 
ed flame 5, Broken line-CF 2Brr flame 5, Broken Iine is for flame 6, 

inhibited flame 6, 



13 

TEMPERATURE, 

Flame 5 

♦ t 
OH~ 0 

' t 

t 

I 
CO2 

i 
H20 

+ 

t 
H2 

+ 
t 

(CH4 ,02 ,CO,H2CO,CH3) 

kelvins 

1,900 

1,800 

1,700 

1,600 

1,500 

1,400 

• 
Flame 6 

H 
OH 

t t t 
0 

I 
CO2

HtO i2 

t 

H2CO
t 

t t 
H2 tt t co 

CH3 ~ t 

tt HF 
Br 

t + 

I 
F2CO 

+ 

t t 
(CH4 ,o2 ) (CF2 Br2 , Br2 ,HBr,CF2 , CH3Br, CH2CF2 ) 

FIGURE 14, - Flux direction versus temperature for flames 5 and 6, Flux directions are repre­
sented to the left {flame 5) and right (flame 6) of the central temperature axis, The 
species labels appear at the temperature where the flux is zero, The solid ar­

row heads { ►) mark the maximum flame temperatures, 
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atomic species flux from its known inlet value should be zero. 
the percent deviation from the inlet atomic flux for C, O, 
5 and 6, and for Br and Fin flame 6. These figures show a 

greater percent deviation 
from inlet atomic flux for 
the inhibited relative to 
the uninhibited flame. The 
H, F, and Br percent devia­
tion for the inhibited flame 
are substantial in some 
regions. The H-atom devia­
tion was considered in terms 
of the contribution from 
each hydrogen-containing 
molecule and of the effect 
of matching the temperature 
profile to the species pro­
files. The flame 6 hydrogen­
containing molecular species 
were also compared with the 
flame 5 hydrogen-containing 
molecular species and 
with the flux profiles of 
hydrogen-containing spe-
cies from other inhibited 
flames. No one species or 
combination of a few species 
could be identified as being 
solely responsible for the 
significant H-atom deviation 
from the inlet H-atom flux 
of flame 6. The inhibited 
flame hydrogen-containing 
molecular flux profiles are 
similar to those of the 
uninhibited flame and to 
those of previously studied 
inhibited flames. No varia­
tion of calibration factors 
or temperature a linement 
with respect to species pro-
files could be made that 
both improved the H-atom 
conservation in the region 
of maximum deviation and did 
not significantly deterior­
ate the conservation of C, 
O, F, Br, and/or Hin other 
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regions. At the point of greatest H-atom deviation from inlet H-atom flux the 
deviation represents a combined effect of the hydrogen-containing molecular 
fluxes. 

F and Br atom conservation deviates substantially from zero at small val­
ues of z; this is due primarily to the thermal modeling of the CF 2Br 2 flux. 
The inclusion of thermal diffusion, however, does not significantly change the 
value of the CF 2Br 2 net reaction rate at the point of maximum CF 2Br 2 disap­
pearance. Figure lSQ is the result of a calculation for flame 6 in which kT 
is set equal to zero for all species. 1 

Net reaction rates have been calculated for each species from the species 
fluxes according to equation B. Figure 16 summarizes the net reaction rate 
data. Here, net reaction rate extrema (maximum and minimum values of the net 
reaction rates) are plotted as a function of temperature for flames 5 and 6. 
Not shown on this figure is the maximum net reaction rate of Brz, which occurs 
at 1,280 kelvins. This figure shows that the relative order of the species 
net reaction rate extrema are similar for flames 5 and 6. The inhibited flame 
net reaction rate extrema are shifted to higher temperature and are closer 
together relative to the uninhibited flame. For both flames, H, O, and OH are 
produced at high temperatures and consumed at low temperatures. In flame 6, 
the inhibitor molecule, CF 2Br 2, achieves its maximum rate of disappearance 
well before the fuel molecule, CH 4• The maximum rate of HBr formation ther­
mally precedes that of HF. HBr disappears at high temperatures, and HF 
appears as a combustion product. 

Figures 17-19 represent some selected net reaction rate profiles; that 
is, net reaction rate plotted as a function of distance above the burner sur­
face. Abcissa increments are the same, but the ordinate increments of fig­
ure 17 differ from those of figures 18 and 19. In these figures, detailed 
characteristics of major stable species net reaction rates are given for 
flames 5 and 6. 
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Figures 17 and 18 rep­
resent the net reaction1,772 K 
rate profiles of CH 4 , o2,

8 
CO, CO 2, H2, and H2O for 
flames 5 and 6, respec­Tu 

Q) 6 tively. Comparing the two1/) ,.., 
figures shows the extent of'E 

u 
net reaction rate shift toQ) 4 

0 higher z values in theE 
IO inhibited relative to theti 2 

uninhibited flame. Thesew 
I­ figures also show that the
<( 
a:: inhibited flame net reaction 
z 
0 rate extrema are greater in 
i= magnitude and are closer~ -2 
w together. Figure 19 repre­a:: 

sents the net reaction ratel;j -4 
z of CH 4 and for flames 5o2 

and 6 as a function of dis­
-6 tance above the burner sur­

face. This figure allows 
-a,____.___~--~--~---~--_,_____, direct comparison of the 

0.3 0.4 0.5 0.6 0.7 o.a 0.9 I.O shift in net reaction rate 
DISTANCE FROM BURNER SURFACE, cm and the change in amplitude 

between both flames for CH 4FIGURE 19. - Net reaction rate profiles of CH4 and 0 2 versus 
and o2; also, the net reac­distance above the burner surface for flames 5 
tion rate extrema tempera­and 6. 
tures are given on this 

figure. Each species common to the inhibited and uninhibited flames shows a 
shift in net reaction rate to a larger z value and an increase in net reaction 
rate magnitude at the extrema. 

Figure 20 shows the net reaction rate of CF 2Br 2• The broken line is the 
result of a calculation for which the thermal diffusion ratio was zero. This 
figure shows that the CF 2Br 2 minimum net reaction rate profile is not signifi­
cantly affected by setting kr = O, despite the dramatic improvement of F and

1
Br species conservation at small values of z (see fig. 15~). 
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The chemical reaction rate coef­
fients for several elementary reac­
tions were calculated in the same 
manner for both flames 5 and 6. The 
method and details of these calcula­
tions were published in references 6 
and 10. 

The reactions for which rate 
coefficients were calculated are: 

H + 02 +OH+ O, (3) 

and CO+ OH+ CO2+ H • (4) 

In figure 21 the rate coefficients 
for these reactions are plotted ver­
sus inverse temperature. The broken 
lines represent flame 5; the solid 
lines, flame 6. The flame 5 data 
cover a temperature range of approxi­
mately 1,500 to 1,700 kelvins; flame 6, 
1,740 to 1,840 kelvins. 

The rate coefficients for reac­
tions 1-4 were also calculated for 
our previously studied flames. The 
results represented here are in good 
agreement with results from those 
studies (6, 14). Reaction 3 is of 
particular importance because this 
reaction has been critically evaluated 
(1). This coefficient agrees well 
with that recommended in reference 1. 
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INTERPRETATION 

The reasons for the observed relationships among the calculated data 
shall now be considered. Of the many differences noted between the clean and 
the 1.05% CF 2Br 2-inhibited flame, consider first the temperature profile dif­
ferences, then the composition profile differences. 

Temperature 

The overall temperature characteristics are explicable in terms of the 
overall heat-transfer characteristics of the burner-gas system and the effect 
of inhibitors on burning velocity. 

The overall temperature characteristics of the inhibited flame result 
from the complex interaction between chemical-physical effects of the inhibi­
tor and the physical process of flame stabilization. To relate these pro­
cesses, consider these two characteristic velocities: va, the adiabatic 
burning velocity, and vp, a nonadiabatic burning velocity. The adiabatic 
burning velocity is a property of the gas mixture, the ambient pressure, and 
the initial temperature. It is the maximum attainable flame propagation 
velocity and is achieved when the gases react adiabatically. 

The flame propagation velocity or the nonadiabatic burning velocity is a 
variable quantity having the adiabatic burning velocity as an upper bound. 
The exact value of the flame propagation velocity is dependent upon how much 
heat is lost from the flame system. Heat loss is dependent upon experimental 
conditions. Inhibitor-induced flame propagation velocity reduction measure­
ments under identical experimental conditions are a traditional method of 
determining inhibitor effectiveness. Generally, under adiabatic condi-
tions, the presence of an inhibitor reduces the burning velocity; that is, 
vau -val> o. However, on a cooled flat flame burner, flame stabilization is 
achieved when sufficient heat is abstracted from flame gases to reduce Va to 
vp• Also, for a stable flat flame, vp equals v

0
, the inlet gas flow velocity. 

Let tv be the reduction in velocity due to heat loss to the burner. For 
the uninhibited flame, vpu = Vau - tvu, and for the inhibited flame, 
vPI = var - tvI. Since v 0 = vpu ~ vPI (see table 1), vau - tvu = val - tvI. 
But vau - val> O, therefore vau - val= tvu - tvl > O. Thus, heat loss from 
the uninhibited flame is greater than heat loss from the inhibited flame. 
This reduced heat loss results in the higher maximum flame temperature of the 
inhibited relative to the uninhibited flame, Tiax > TMax• 

Two other factors that may contribute to the temperature variation 
between flames are (i) the variation of heat capacity and (ii) the added 
energy carried into the flame by CF 2Br 2• Since CF 2Br 2 is added to the unin­
hibited flame mixture (instead of displacing part of the mixture), the heat 
capacity of the mixture probably increases simply because there are more atoms 
(molecules) present to absorb heat. However, a gas composition redistribution 
from high to low heat capacity compounds may occur. A thermodynamic equilib­
rium computer calculation (18) of the adiabatic flame temperature yields a 
lower temperature for the CF 2Br 2-inhibited flame. This result implies that 
the combined effect of added enthalpy and changed heat capacity alone would 
yield a lower adiabatic maximum flame temperature for the inhibited flame. 
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The reduced overall temperature gradient in the inhibited relative to the 
uninhibited flame is a result of the reduced heat loss of the inhibited flame. 
Energy is transferred from the flame gas system to the burner by thermal con­
duction and by radical recombination at the burner surface. For thermal 
conduction, 

where the units of lili~e calories cm- 2 sec- 1 • Here A is the thermal conduc­
tivit~ of argon and bT/bz is (Tmax-T 0 )/z(Tmax)• For radical recombination at 
the burner surface, the energy transferred to the burner is the sum of the 
products of the radical fluxes to the burner with the radical heats of forma­
tion less the sum of products of the flux of the recombination products with 
the recombination products heats of formation. For both the inhibited and 
uninhibited flames, the only radicals with significant fluxes both near and 
toward the burner surface are hydrogen atoms and hydroxyl radicals. The flux 
and heat of formation of hydrogen atoms are each 10 times that of hydroxyl 
radicals. This means that hydrogen atom recombination at the burner surface 
transfers 100 times more energy to the burner than the next greatest contribu­
tor. Considering only hydrogen atom recombination and assuming all hydrogen 
atoms recombine to form H2 , calculation shows that the amount of energy trans­
ferred by radical recombination is less that 4% of the energy transferred by 
thermal conduction. So energy transfer by radical recombination can be 
ignored and only energy transfer by thermal conduction considered. 

It has been shown above that filiI < filiU. Applying this condition once 
again to the overall energy transfer yields, 

The second observed overall temperature difference follows from the two 
explained above. With a higher maximum temperature and smaller overall tem­
perature gradient, the position (distance from the burner surface) of the max­
imum temperature must be greater in the inhibited flame. 

The effect of a chemical inhibitor is to reduce the adiabatic burning 
velocity of the flame and, depending on the amount of inhibitor added, to 
reduce the adiabatic flame temperature. Methane is a self-inhibiting fuel 
(25). As the equivalence ratio, ~' is changed from ~=l, the burning velocity 
isreduced (25, 39) and, for a premixed quenched flat flame, the maximum flame 
temperature Ts increased (25, 33). Standoff distance on a flat flame burner, 
as measured by the inflection point of the temperature profile, has been shown 
to depend on maximum temperature and propagation burning velocity (16). The 
standoff distance is a minimum at ~=1. To the extent that the addition of 
inhibitor is equivalent to self-inhibition in its effect upon adiabatic burn­
ing velocity, the movement of the inflection point of the temperature profile 
away from the burner surface upon addition of inhibitor is consistent with the 
experimental observation of Ferguson and Keck (_!i). 
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The phenomena of temperature rise resulting from the addition of inhibi­
tor at constant (flame propagation) velocity has been suggested as a measure 
of inhibition (22). Results using this technique as a measure of inhibition 
for gaseous inhibitors at low pressure have been reported for CF3Br (8) and 
CH3Br (19). The technique has been refined (19) and compared with other mea­
sures ofinhibition (33). Utilizing this method to determine the effective­
ness of CFzBrz, as wasdone with CF 3Br in reference 8, it was found that 
1% CFzBrz is no more effective than 1% of CF 3Br. 

Composition 

Interpretation of flame 5 and 6 composition data is based on the chemical 
reaction rate coefficients of elementary reactions where that is possible. 
For those species not susceptible to such interpretation, inferences will be 
drawn from the species net reaction rate extrema or composition profiles. 
The disappearance of CH 4 and Oz will be interpreted in terms of their elemen­
tary reactions and local radical concentrations. The maximum concentrations 
achieved by CH 3 and HzCO will be interpreted in terms of elementary reactions, 
reaction rate coefficient temperature dependence, and local radical concentra­
tions. The net reaction rate of CFzBrz will be interpreted and a reaction 
rate coefficient inferred. The reduced radical (H, o, OH) concentrations 
will be explained considering net reaction rate extrema and the addition of 
inhibitor-related species. All of the inhibitor-related species observed in 
this CFzBrz-inhibited flame were previously observed in CF3Br-inhibited flames 
(6, 14). Also, the observed changes noted in the results section upon addi­
tionof CFzBrz are similar to changes previously observed upon addition of 
CF3Br. 

The primary mechanism of methane disappearance in nearly stoichiometric 
or slightly lean methane flames is reaction 2. The calculated chemical reac­
tion rate coefficient for this reaction is shown in figure 21 for flames 5 and 
6. The rate coefficient was calculated in the same way for both flames. Con­
tinuity of the rate coefficient from the flame 5 to the flame 6 temperature 
domain implies the same mechanism for CH4 disappearance in both flames 5 and 
6. The CH4 minimum net reaction rate shift to higher temperature in the 
inhibited relative to the uninhibited flame (figs. 16 and 19) is the result 
of reduced radical concentrations in the inhibited flame (figs. 9-11). 

The same argument can be applied to Oz disappearance based on reaction 3. 
Since all other species common to the inhibited and uninhibited flame result 
from the decomposition of CH 4 and Oz, they too would have net reaction rate 
extrema shifted to higher temperature (figs. 16-18). Since rate coefficients 
usually increase with temperature, the same reaction occurring at higher tem­
perature would proceed more rapidly. Thus, narrower and larger magnitude net 
reaction rates (figs. 17-19) and the greater composition profile gradients are 
observed (figs. 3-8) in the inhibited relative to the uninhibited flame. 

The chemical reaction rate coefficients calculated for reactions 3 and 4 
can be compared to evaluated rate coefficients and to rate coefficients calcu­
lated from other flame data. The recommended rate coefficient for reaction 3 
is k = 2,2 x 10 14 exp (-8450/T) cm 3 mol- 1 sec- 1 (1), and for reaction 4 is 
log k = 10.83 + 3.94 x 10- 4 T; the units of k are-cm 3 mol- 1 sec- 1 (~). The 
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rate coefficient data from flame 5 lies within the recommended error 
bounds (±30%) and slightly below the recommended value for reaction 3 
(H + o2 +OH+ 0) and mostly within the recommended error bounds (±50%) and 
above the recommended value for reaction 4 (CO+ OH+ CO 2 + H). The rate 
coefficient from the flame 6 data is low for reaction 3 and high for reac­
tion 4 relative to the recommended values. The rate coefficients calculated 
from flame 5 data lie within the values calculated from previously studied 
flames. The rate coefficient calculated from flame 6 data are low for reac­
tion 3 and high for reaction 4 relative to those from previously studied 
flames. 

In flame 6, the reaction rate of CH 4 with Br is significant at low tem­
peratures (T < 1,270 kelvins). Calculation of the net reaction rate of CH 4 
was based on experimentally measured temperature and concentrations of CH 4, H, 
o, OH, and Br. The following reactions were considered: 

(2) 

(5) 

(6) 

and (7) 

The rate coefficients used for reactions 5, 6, and 7 may be found in refer­
ences 26, 31, and 20, respectively. The rate coefficient used for reaction 2 
extrapolated from the uninhibited flame data. Calculations based on the above 
set of reactions and the measured CH 4 net reaction rate in flame 6 show that 
the disappearance of CH 4 is initially dominated by reaction 5 up to 1,250 kel­
vins and subsequently dominated by reaction 2. Even in flame 6, of all the 
CH4 which is consumed, most of it is consumed by reaction 2. 

Unlike the H, O, and OH radicals, the maximum CH3 radical concentration 
increases in the inhibited relative to the uninhibited flame (fig. 13, 
table 2). The primary mechanism for methyl radical production is reaction 2. 
Methyl radical disappearance is associated with the appearance of HzCO by 
reaction 1. There is less HzCO in the inhibited flame (fig. 12, table 2). 

The increased maximum CH3 concentration in the inhibited flame is the 
result of a greater formation rate due to the shift of the primary reaction 
zone to higher temperatures. Reaction 2 is the primary path for CH 3 produc­
tion, and reaction 1 the primary path for CH3 consumption. The rate coeffi­
cient for reaction 2 increases with temperature, while that of reaction 1 does 
not substantially change with temperature (fig. 21). At the point of maximum 
CH3 formation in the inhibited compared with that in the uninhibited flame, 
[H][CH4] is slightly smaller and [CH 3][0] is larger. Thus, the increased 
maximum CH3 concentration observed in the inhibited flame results from the 
greater temperature dependence of the rate coefficient of reaction 2 relative 
to reaction 1. 
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The decreased maximum H2Co concentration in the inhibited flame results 
from an increased consumption rate. Reaction 1 is the primary reaction form­
ing H2co. The rate coefficient of reaction 1 does not increase substantially 
with temperature. At the maximum H2CO formation rate in the inhibited rela­
tive to the uninhibited flame, [CH3][0] is greater. Thus the reduction of the 
H2CO concentration in the inhibited flame must be a result of the increased 
H2CO consumption by subsequent abstraction reactions with H, o, and OH and 
thermal decomposition (l.!_). 

The inhibitor, CF 2Br 2, achieves its maximum disappearance rate well 
before the CH 4 (fig. 16). The inhibitor molecule decomposition is due primar­
ily to thermal decay and H-atom abstraction reactions. The thermal decay of 
CF2Br2 can be of two modes(~, 36): 

CF 2Br 2 + CF 2Br + Br, (8) 

CF 2Br 2 + CF 2 + Br 2. (9) 

The rate coefficients of reactions 8 and 9 have not been determined. The 
CF 2Br 2 maximum disappearance rate (fig. 20) is 6.7 x 10-6 mole cm- 3 sec- 1 at 
1,600 kelvins. 

The CF2Br2 thermal decay coefficient was calculated from the CF2Br2 net 
reaction rate, assuming that thermal decay and hydrogen abstraction reactions 
predominate in the disappearance. For this analysis, the rate coefficient for 
the CF2Br2 abstraction reaction with H was assumed to be the same as, or twice 
that, previously determined for CF3Br (7). The first-order thermal decomposi­
tion rate coefficient for CF 2Br 2 is 5.8-(±2.5) x 10 3 sec- 1 at 1,600 kelvins. 
This corresponds to 24% to 62% of the,CF2Br2 consumption rate being due to 
thermal decomposition. Figure 22 shows the thermal decomposition rate coeffi­
cient of CF 2Br2 plotted as a function of inverse temperature. 

The radical population of H, o, and OH as a function of temperature is 
found to be significantly reduced in the CF2Br 2-inhibited flame (figs. 9-11). 
0£ the possible causes for this effect--that is, (i) movement of the flame 
relative to the burner surface, (ii) simple physical effect of the inhibi­
tor (thermal effects), and (iii) chemical interference with the radical 
chain propagating and branching reactions--only chemical interference is 
responsible. 

Movement of the flame away from the burner surface is a result of the 
reduced adiabatic burning velocity of the inhibited flame. Movement of the 
flame relative to the burner surface may also be achieved by varying the inlet 
gas bulk flow velocity, and this was done for an uninhibited flame. The H, O, 
and OH species profiles for two flames of the same stoichiometry (10% CH 4 , 
21% 02, 69% Ar) and different initial bulk flow velocity (79 cm sec- 1, 48 cm 
sec- 1) were compared as a function of temperature. There is a slight change 
of radical concentration at lower temperature as a result of inlet gas bulk 
flow velocity change. This reduction is small compared with that observed 
when the inhibitor is added. For all uninhibited flames, the shapes of 
the radical profiles are similar, and this shape differs from that of the 
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inhibited flame radical 
profiles. The ininhibited 
flame radical profile as a 
function of temperature is 
concave upward and appears 
to have two nearly linear 
regions, one of small slope 
at low temperature and one 
of large slope at high tem­
perature, connected by a 
sharply curved segment. 
These quantitative and qual­
itative differences among 
radical profiles from flames 
of varying flame propagation 
velocity, due to inhibitor 
addition and inlet bulk flow 
velocity variations, implies 
that the variation of radi­
cal profiles observed in the 
inhibited relative to the 
uninhibited flame is not a 
result of flame movement 
with respect to the burner 
surface. 

The maximum rate of 
formation of HBr 
(~1,550 kelvins) and HF 
(~1,755 kelvins) occurs 

6.0 6.2 6.4 6.6 6.8 before the maximum rate of 
INVERSE TEMPERATURE 1/T, 10-4 kelvin-I disappearance of CH4 

(~1,770 kelvins). Boch HFFIGURE 22, - Thermal decomposition rate coefficient for CF2 Br2 
and HBr reduce the H-atomversus inverse temperature, The broken lines represent 
population available fora calculated coefficient assuming the CF2Br 2 + H re­
reaction with CH4. Theaction rate coefficient to be equal to (upper), and twice 
HF concentration is much

that ( lower), of CF 3 Br + H, The sol id I ine represents an 
greater than the HBr concen­

average of the broken line values, 
tration (fig. 7) throughout 

the flame. The HF half maximum rates of formation are at 0.5 and 0.7 cm, and 
those of HBr are at 0.425 and 0.575 cm. The high concentration of HF below 
the region of maximum formation rate is due to back diffusion. At higher tem­
perature, the HBr disappears, possibly supplying H-atoms for diffusion into 
the primary reaction zone. HF is a product, removing H-atoms from the system. 
HBr and HF both remove H-atoms; HBr acts first, followed by the greater H-atom 
removal by HF. 

The complex physical chemical mechanism by which CF2Br 2 inhibits the 
methane flame may be inferred from the net reaction rate data shown in fig­
ure 16. CF 2Br 2 disappears before the CH 4• Br 2, CH 3Br, CF 2, HBr, CH 2CF 2, Br, 
F2CO, HF, and CH3 are all formed at their maximum rate before CH4 reaches its 
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maximum rate of disappearance. This would imply that the inhibitor and its 
reaction products are removing H, o, and OH, chain carriers that would other­
wise react with CH 4 and o2• 

CONCLUSIONS 

The effects of CF 2Br 2 on the temperature and composition profiles of a 
methane-oxygen-argon flame have been experimentally studied. The inhibited 
flame temperature characteristics have been explained in terms of the inhibi­
tor effect on the adiabatic burning velocity. Utilizing a computerized physi­
cal model of the flame system, species fluxes and net reaction rates have been 
calculated. The effect of CF 2Br 2 on species profiles has been explained in 
terms of elementary chemical reactions, where possible. Other interpretations 
have been made based on calculated net reaction rates. 

The H, o, and OH species exhibit several similar characteristics between 
the inhibited and uninhibited flames in that for both flames they are produced 
at high temperatures (fig. 16), diffuse to the lower temperature region of the 
flame (fig. 14), and are consumed in the low-temperature region of the flame 
(fig. 16). These species characteristics are substantially different in that 
their net reaction rate extrema are greater in magnitude and delayed to higher 
temperature, and their concentrations are everywhere reduced at temperatures 
common to both flames. Of these three species, H reduction is greatest. This 
reduction in chain-propagating radical concentration, especially H, may cause 
a shift of flame propagating reactions to higher temperatures, which in turn 
results in concentration profile shifts to higher temperature. 

HF and HBr are seen to appear at relatively low temperatures. Both 
reduce the number of H-atoms available to participate in the flame reaction 
pathways. HF is a stable product and does not decompose at higher tempera­
tures. The HBr is not stable. It is an intermediate that disappears at 
higher temperature, so it may add to the high-temperature formation of atomic 
hydrogen, which diffuses into the primary reaction region. 

The concept of a region of inhibition preceding the primary reaction 
zone (37) is supported by this study. Numerous inhibitor-related species are 
identified that have maximum rates of formation preceding the methane maximum 
rate of disappearance. In addition, the CF 2Br 2 itself reaches a maximum rate 
of decay before the methane. 

The data presented here do not directly support the concept of inhibi­
tor effect due to reduced radical concentrations past the primary reaction 
zone (23). The larger radical populations observed in the burned gas zone of 
flame 6are a result of partial equilibrium amongst the radicals H, O, and OH 
at the higher maximum temperature achieved in flame 6 relative to flame 5 (see 
table 2). The higher temperature has been identified as being due to a reduc­
tion of heat loss to the burner required for flame stabilization; that is, a 
result of the experimental technique utilized. That the radicals (H, O, OH) 
diffuse from the high- to low-temperature regions is demonstrated by the 
fluxes. So any reduction of radical population at high temperatures would 
reduce the concentration gradient down which these radicals diffuse and, 
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therefore, reduce the radical (H, o, OH) fluxes to the primary reaction zone. 
Ternary reactions that promote the recombination of radicals are not observed 
in this low-pressure system. Indeed, it is the suppression of ternary reac­
tions that results in a greatly extended secondary reaction zone making H, O, 
and OH appear as products in the composition profiles. These data do indi­
rectly support the idea that the inhibitor affects the H, o, and OH popula­
tions at maximum flame temperatures. H, O, and OH populations are observed to 
be in partial equilibrium at maximum flame temperatures, and inhibited adia­
batic flames have reduced temperatures. 

The calculated net reaction rate profiles show that the reactions of the 
inhibitor are not simple or limited to one region. The inhibitor decomposes/ 
reacts and, along with its reaction and decomposition products, continues to 
be chemically active throughout the flame. At low temperatures, the inhibitor 
absorbs heat when it decomposes. It competes with the fuel and oxidizer in 
reactions with radicals (primarily H). The inhibitor related species also 
compete with the radicals in reaction with the fuel and tie up H atoms. 

It is conjectured that an inhibited and uninhibited flame of the same 
heat loss (instead of at the same propagation velocity as studied here) would 
exhibit greater radical (H, o, OH) population reduction than observed here. 
Unfortunately, adiabaticity is not easily achieved in flat flame burner 
systems. 
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