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Abstract

Experimental and numerical studies are performed to elucidate the fundamental chem-
ical mechanisms by which CF3Br inhibits nonpremixed hydrogen flames. These studies
are motivated by previous work, which shows that CF3Br and its decomposition prod-
ucts inhibit hydrocarbon flames primarily by reacting directly with the radicals and by
depleting radicals in the region where hydrogen and carbon monoxide are oxidized to form
water and carbon dioxide. The elementary reaction CF3Br + H = CF3; + HBr plays a
prominent role in flame inhibition, but there are considerable uncertainties in the value
of the rate parameters for this reaction. In view of these uncertainties, the rate of this
reaction is measured directly by employing the flash-photolysis resonance fluorescence (FP-
RF) technique and is compared with that predicted using transition state theory based
on ab initio calculations. Predicted and measured rate parameters agree well, but differ
significantly from those used in previous studies. The improved rate parameters are tested
by conducting numerical computations and experiments on flames stabilized between two
counterflowing streams. The fuel stream is a mixture of hydrogen and nitrogen and the
oxidizing stream consists of air and CF3Br. The strain rate at extinction is measured
and given as a function of the concentration of CF3Br in the oxidizing stream. Numerical
calculations are performed at conditions identical to those used in the experiments using
detailed chemistry. Two different chemical-kinetic mechanisms are used. The chemical-
kinetic mechanism describing the oxidation of the fuel is the same in both mechanisms, but
the inhibition chemistries are different. One of the mechanisms has not been tested before
on nonpremixed flames. One mechanism is found to generally overpredict and the other
to underpredict the inhibiting effect of CFsBr. The degree of overprediction and under-
prediction is evaluated using asymptotic theory. The differences between the mechanisms
are discussed.



Introduction

A number of experimental and numerical studies have been published on the influence of
CF3Br on the structure and mechanisms of extinction of nonpremixed flames [1-10]. The
chemical-kinetic mechanism developed by Westbrook [11] was employed in some of these pre-
vious studies to calculate the critical conditions of extinction of nonpremixed methane flames
and the results were compared with measurements [4,8-10]. In general, the inhibiting effect
of CF3Br predicted by the chemical-kinetic mechanism was found to be stronger than that
measured. Here an experimental and numerical study is conducted to elucidate the inhibiting
effect of CF3Br on counterflow nonpremixed hydrogen flames. Critical conditions of extinction
are measured. Numerical calculations are performed using detailed chemistry to determine
the critical conditions of extinction. The numerical results are compared with measurements.

In nonpremixed flames burning heptane and methane, which are inhibited by CF3Br,
chemical reactions are found to take place in three layers—the fuel-consumption layer, the
oxidation layer, and the CF3Br-consumption layer [5-10]. In the fuel-consumption layer, the
fuel reacts with radicals and the intermediate compounds CO and Hs are formed. Carbon
monoxide and hydrogen are oxidized in the oxidation layer. In the CF3Br-consumption layer,
the inhibitor is consumed. The principal mechanism by which CF3Br was found to inhibit the
flame was by removing radicals in the oxidation layer as well as in the CF3Br-consumption
layer [5-10]. Since hydrocarbon chemistry is negligibly small in these layers, for simplicity the
present study is conducted on hydrogen flames. The set of elementary reactions describing
the oxidation of Hs is a subset of detailed chemical-kinetic mechanisms describing the oxida-
tion of most hydrocarbon fuels. Therefore, studies on inhibition of Hy flames are useful for
elucidating the mechanisms of inhibition of hydrocarbon flames.

Previous studies [9, 10] have shown that in the CF3Br-consumption layer, the key reac-
tions responsible for consuming the inhibitor are the steps CFsBr + H — CF3 + HBr and the
unimolecular thermal decomposition reaction CF3Br — CF3 + Br. There are considerable
uncertainties on the values of the rate parameters for these elementary reactions. Figure 1
shows the rate constant of the reaction CF3Br + H — CF3 + HBr in the Arrhenius form
measured by a number of investigators. The rate parameters obtained at temperatures less
than 400 K by isolated reaction techniques [12-14] are different from those obtained at tem-
peratures greater than 700 K by fitting the kinetics of multireaction systems [15-19]. This
fitting is uncertain, as evidenced by the larger than an order of magnitude spread among the
values of the rate constant of this reaction at 1000 K. In view of these uncertainties, the rate
of this reaction is measured employing the flash-photolysis resonance fluorescence (FP-RF)
technique. The measurements bridge the gap between the previous low and high temperature
regimes and provide a new rate expression which is used in the numerical model. The mea-



sured rate is compared with that calculated using transition state theory based on ab initio
calculations. As will be seen, the rate expression used previously for CF3Br + H — CF3 +
HBr underestimates the contribution of this reaction to the consumption of CF3Br.

Experimental Apparatus and Procedure

Extinction Experiments

The counterflow burner used to obtain the critical conditions of extinction is described in
detail elsewhere [8,9]. The burner is made up of two opposing ducts with inner diameter of
22.2mm through which gaseous reactants are introduced. The distance between the ducts
is 10 mm. A steady flame can be stabilized in the region between the opposing ducts for
long periods of time. The fuel stream, a mixture of Hy and Ns, is introduced from one duct.
The oxidizing stream consisting of air and CF3Br is introduced from the other duct. The
flowrates of Hy, N3, air, and CF3Br are measured using computer-regulated electronic mass
flow controllers. The calibrated accuracy of these mass flow controllers is +1%. The velocities
of the reactants at the exits of the ducts are presumed to be equal to the ratio of the volumetric
fowrates to the exit areas. For the range of flow velocities encountered in the experiments (up
to 1.87m/s), the flow is laminar since the Reynolds numbers based on the exit diameters of
the ducts are less than 2500. Seshadri and Williams [20] have shown that for laminar flow in
the counterflowing configuration employed here, if the Reynolds number is large enough and
if the values of the tangential component of the flow velocities at the exits of ducts are zero,
then the flow-field comprises two inviscid rotational regions on either side of a thin viscous
region formed in the vicinity of the stagnation plane. The strain rate a, defined as the normal
gradient of the normal component of the flow velocity in the inviscid region on the oxidizer
side of the stagnation plane, is given by the expression [20]

_ 2V AN/
a=—7 (1—!-”/_2“/’_0;), (1)

where subscripts 1 and 2, respectively, denote conditions in the fuel stream and in the oxidiz-

ing stream at the exit plane of the ducts, V' is the velocity, and p the density. The strain rate
calculated from Eq. (1) is taken as a measure of the characteristic flow time of the reactants
in the flame. At extinction it is denoted by aq.

All measurements are made at atmospheric pressure and the temperatures of the reactants
at the exit of the ducts 73 = T» = 298K. To ensure that the flame position, which is
typically close to that of the stagnation plane, is approximately in the middle of the two
ducts, experiments are performed such that the momentums of the counterflowing streams at
the exit of the ducts, represented by the product of the density and the square of the flow



velocity, are nearly the same. Experiments are performed for mixtures with 16% H, and 84%
Nj and with 15% Hs and 85% Ns by volume in the fuel stream. First the flame is stabilized
in the burner for a chosen amount of CF3Br in the oxidizing stream. Then the velocities are
gradually increased until the flame extinguishes. The strain rate at extinction is calculated
using Eq. (1). The experiments are repeated for different amounts of CF3Br in the oxidizing
stream.

Flash-Photolysis Resonance Fluorescence (FP-RF) Technique for Measuring
the Rate of CF;Br + H — CF3; + HBr

The apparatus and its modifications for the study of reactions of atomic hydrogen are de-
scribed elsewhere [21-23]. The H atoms are generated in the presence of a large excess of
CF3Br by flash-lamp photolysis of a precursor. The precursors employed are NH3 and H2O.
A gas-chromatographic analysis of the CF3Br revealed no impurities other than a trace of
N2, which is removed by freeze-pump-thaw cycles at 77 K. All reagents are diluted in a large
excess of Ar bath gas which served to thermalize the photolytically produced H atoms, to raise
the heat capacity of the reacting mixture, to maintain a constant temperature, and to slow
diffusion of H atoms to the reactor walls (described by an effective first-order decay coeflicient
kai)- Total pressures between 55 and 155 mbar are employed. The H-atom concentration is
monitored by time-resolved resonance fluorescence at the Lyman-alpha wavelength, excited
by a microwave-powered discharge through a flowing sample of Hy diluted in Ar. The fluo-
rescence signal, Ir, which is proportional to the molar concentration of H, represented by [H],
is monitored with a solar-blind photomultiplier tube coupled to photon-counting electronics.
The condition [H] < [CF3Br] < [Ar] ensured pseudo-first order kinetics d[H]/dt = —kps1 [H],
where kpsi = kn[CF3Br] + kgig. Here ky, is the measured rate constant of the reaction CF3Br
+ H — CF3 + HBr, [CF3Br] and [Ar] are molar concentrations of CF3Br and Ar respectively,
and t is the time.

Figure 2 shows an exponential decay of [H] obtained from monitoring the fluorescence
intensity, I, as a function of time, ¢, and a linear plot of observed kps; values vs [CF3Br] with
a slope equal to the bimolecular rate constant k,,. The residence time of the gas mixtures
in the heated reactor was varied over 0.3-2.1s to check for possible thermal decomposition,
and the flash-lamp energy and concentration of precursor were varied over 2.5-6.1 J and
5x10710-30x 1079 mol/cm~3 to verify that the measured k,, was independent of the initial
radical concentrations. This independence demonstrates that ky, is isolated from secondary
chemistry involving photolytic or reaction products.

Figure 1 summarizes the measurements, where %k, determinations under a variety of con-
ditions have been averaged at each temperature. The two H-atom precursors gave results



which fall on the same line. Above 900K for HoO (750K for NHj) the observed ki, increased
sharply and unrealistically, which is attributed to pyrolysis reactions between CF3Br and the
precursors, so these data were not considered further. An Arrhenius fit over 295-860 K yields
km = Amexp|—En/(RT)], where T is the temperature, and R the gas constant. The activa-
tion energy Ep, is 21.740.2kJ/mol, and the frequency factor Ay, is (4.240.2)x 103 cm?® mol—}
s~L. The uncertainties in the parameters are one standard deviation and represent precision
only. Consideration of the covariance leads to 95% statistical confidence intervals for ky, of
about 3% in the center of the T range increasing to 5% at the highest temperature and 10%
at the lowest. Allowance of 4 5% for unrecognized systematic errors leads to accuracy limits
of about 10% for ky,.

Transition State Theory (TST) Analysis

Transition state theory (TST) is employed to calculate the rate of the reaction CF3Br + H —
CFs3 + HBr. The reactants and transition state (TS) for this reaction have been characterized
using Gaussian-2 theory. The methodology is detailed elsewhere [24,25]. A brief descrip-
tion is given here. Molecular geometries and frequencies were obtained at HF /6-31G(d) and
MP2=full/6-31G(d) levels of theory, then energies at the latter geometries were refined in a
series of steps to approximate a QCISD(T)/6- 311+G(3df,2p) calculation. Results for CF3Br
have already been shown to be in good accord with experiment [26]. The MP2=full/6-31G(d)
geometry of the Czy symmetry TS has a linear H-Br-C group and F-C-Br angles of 109.0
degrees. The H-Br distance is 1.716, the C-Br distance is 2.088 and the C-F distance is 1.328,
all in 10712 m. The MP2=full/6-31G(d) vibrational frequencies, scaled by a standard factor
of 0.95, are 1130i, 195 (2), 240 (2), 372, 502 (2), 754, 1052 and 1234 (2)cm™}. The geome-
try and frequency information was employed in canonical transition state theory (TST) [27]:
ko(T) = D(kgT/h)[Q1s/ (QHQchgr)]exp[wEg J(RT)]. Here k. is the rate constant of the re-
action CF3Br + H — CHj3 + HBr, calculated using TST, kp is the Boltzmann constant, and
h the Planck’s constant. The quantity I" is a quantum-mechanical tunneling correction based
on the Eckart formalism [28], which varied from 3.7 at 298 K to 1.03 at 2000 K. Calculation
of T requires the forward barrier including zero-point energy at 0K, Eg} the reverse barrier
derived from E} and the reaction enthalpy at 0 K, —83.0 kJ mol™! [29], and the imaginary
frequency given above. The Q’s are the partition functions of the TS (electronic degeneracy of
2 assumed) and reactants. The equation for k. was fitted to our measurements with E‘% -as the
single adjustable parameter, yielding E‘g = 21.8kJ mol™!, in almost exact accord with the G2
value of 21.9 kJ mol~}. This is an independent check of the accuracy of our measurements.
This result is not very sensitive to the details of the tunneling model; if T is fixed at unity (i.e.
no tunneling) then the best fit value of Eg is 19.1 kJ mol~!. The TST rate constant, includ-
ing Eckart tunneling, is given by k.(T) = 2.0x10"T%*%exp(~1650/T) cm® mol™! s~1. This is



compared with experiment in Fig. 1. The rate given by this equation extrapolates well to the
values measured by Hidaka et al. [19]. Theirs was the simplest and most recent system to be
modeled at high temperatures, shock-heated CF3Br/Ha, and thus their values are probably
the most reliable and are seen to be consistent with TST. Therefore we recommend the use
of this rate over 295-2000 K. The widely used expression for the rate constant of CF3Br + H
— CF3 + HBr from Baulch et al. [18] significantly underestimates its contribution to CF3Br
destruction, especially at the lower end of their temperature range around 700 K.

Formulation of the Numerical Problem

The conservation equations of mass, momentum and energy and the species balance equa-
tions used in the formulation of the numerical problem are summarized elsewhere [30-32].
The species balance equations include thermal diffusion and the energy conservation equation
includes radiative heat losses from carbon dioxide and water vapor [32]. Calculations are per-
formed in an axisymmetric configuration over a computational domain of 10 mm. The axial
coordinate is y. The fuel boundary is presumed to be located at the plane y = 0, and the
oxidizer boundary at the plane y = 10mm. At both ends of the computational domain the
mass fractions of the various species in reactant mixtures and the normal components of the
flow velocity are specified. The values of the tangential component of the flow velocity at both
ends are set equal to zero. The characteristic strain rate at the stagnation plane is calculated

using Eq. 1.

Two different chemical-kinetic mechanisms are used, referred to as Mechanism A and
Mechanism B. Both mechanisms use elementary reactions 1-35, and 37-40b shown in Table
1 of Ref. [31], where reactions 1-17 describe the oxidation of hydrogen. Following previous
studies, reactions involving compounds comprising two or more carbons are excluded [4,9].
In both mechanisms, the improved rate constant for the reaction CF3Br + H = CF3 +
HBr is used (2.0x10772%exp(—1650/7") cm® mole~! s™!). The two mechanisms differ in
the description of the inhibition chemistry. Mechanism A’uses the inhibition chemistry put
together by Westbrook [11] and it is made up of reactions B1-B10, B15, B17, B18, B21-
B38, B30-B36, B40-B46, and B48-B56 shown in Table II of Ref. [11]. Mechanism B uses
the inhibition chemistry put together at the National Institute for Standards and Technology
[33]. Mechanism B has been employed previously to evaluate the influence of halogenated
compounds on the structure and burning velocities of premixed flames {34, 35]. The present
work is the first test of predictions of Mechanism B of the critical conditions of extinction of
nonpremixed flames.



Results and Discussion

In Figs. 3 and 4 the strain rate a, is plotted as a function of the mole fraction of the inhibitor,
XCF3Br,2, in the oxidizing stream. The points represent measurements and the lines are results
of numerical calculation. In these figures, the region below any curve represents flammable
mixtures. For Xcp,pr2 = 0 and 16% Hy by volume in the fuel stream, the measured a, =
6805~ and the calculated a, = 587s7 1. For Xcr,Br2 = 0 and 15% Hj by volume in the fuel
stream, the measured a,; = 450 s~! and the calculated a, = 412 s~L. The differences between
the calculated and measured a, are attributed to inaccuracies in the chemical-kinetic mecha-
nism describing the oxidation of hydrogen and to uncertainties in the measurements. Figures
3 and 4 show a, to decrease with increasing Xcr;pr,2. Calculations using Mechanism A over-
predict this decrease, while calculations with Mechanism B underpredict this decrease. Thus,
the two mechanisms bracket the inhibition efficiency of CF3Br. In the following paragraphs,
activation-energy asymptotic analysis is used to obtain quantitative measures of these rates.

In the asymptotic analysis of the flame structure, it is convenient to introduce a conserved
scalar quantity ¢ called the mixture fraction, which satisfies a source-free conservation equation
[36-39]. This conserved scalar is defined such that £ = 0 at the oxidizer boundary and § =
1 at the fuel boundary [36-39]. A characteristic diffusion time x ™! deduced from the spatial
gradient £ can be written as:

x = 200/ (pep)IIVEP, (2)

where X is the thermal conductivity, p the density, and ¢, the heat capacity per unit mass of
the mixture. The quantity x also represents the scalar dissipation rate and plays a central
role in asymptotic analyses [37,40, 41]. The strain rate a influences the flame structure mainly
through its influence on x. In asymptotic analyses of the structure of diffusion flames, it is
convenient to use £ as the independent variable [37, 39-41]. The value of x changes with £ [42].
Using asymptotic methods in which chemical reactions are presumed to take place in a thin
reaction zone, Kim and Williams [43] have derived a formula relating x to the strain rate a
which can be written as

o 3[(oefp)*® +1]°
Zm [2(102/ pst)™® + 1]

exp{—2[erfc™? (%St}}z} (3)

where & is the stoichiometric mixture fraction and pg is the density evaluated at the adia-
batic flame temperature Tg.

For simplicity, the chemical reaction between hydrogen and oxygen is represented by a
one-step process Hy + (1/2)0O2 — H30. The rate constant for this overall reaction, k,, is



written as k, = Aqexp[—E,/(RT)], where A, is the frequency factor and E, the activation
energy. The reaction rate is presumed to be first-order with respect to the fuel and oxygen.
The inhibitor CF3Br is presumed to be inert and preferential diffusion is neglected. These
are poor assumptions for inhibited nonpremixed hydrogen flames; however, the rates of de-
crease of a, with increasing Xcr B2 are presumed not to be influenced greatly by these
approximations. For one-step overall chemistry, the stoichiometric mixture fraction is given
by & = (14 8Yp /Yoz,g)_l [36,37], where Yy is the mass fraction of the fuel in the fuel
stream, and Yo, 2 is the mass fraction of oxygen in the oxidizing stream. The adiabatic flame
temperature is given by Wg [ %fcpdT = Yr1(—AH)&s, where (—AH) is the heat release in
the one-step reaction per mole of Hy consumed, W is the molecular weight of the fuel, and
T,=T =T, =298 K.

To check the accuracy with which y, can be calculated using Egs. (1) and (3), the scalar
dissipation rate at extinction is calculated numerically using Eq. (2). Detailed chemistry and
detailed transport are used in this calculation. For uninhibited flames with 16 % Hz by volume
in the fuel stream, the scalar dissipation rate at extinction is x4 = 225 s~1. Using the injection
velacities and concentrations of the reactants in the fuel and oxidizing streams at extinction,
the strain rate is calculated using Eq. (1) and the scalar dissipation rate using Eq. (3). The
value of x4 is found to be 250 s~1, which is very close to that obtained from the detailed nu-
merical calculations. Therefore, the value of , calculated from Eqs. (1), and (3) is reasonably
accurate. Also, preferential diffusion (neglected in obtaining & and Ty ) surprisingly does not
appear to influence the scalar dissipation rate at extinction.

The scalar dissipation rate at extinction ), obtained using activation-energy asymptotic
analysis employing one-step chemistry, is [36, 37,44]

Xq

6p3s 201 ¢ \2
_ ZYF,IAoPstI-Ts; R §st (13 gst) exp(—l _ Eo ) (4)
WrE,* (T — Ty) RT4

The product psTs is presumed to be constant. From Eq. (4) it follows that a plot of
In {Xq(Tst - Tu)3/ [YF,1TS¢,5§St2(1 — §St)2]} as a function of 1/7y represents an Arrhenius dia-
gram. The slope of this plot gives E,. The experimental and numerical values of a, shown
in Figs. 3 and 4 are used to calculate x, at extinction using Eq. (3). Using Equation (4),
Arrhenius diagrams are constructed. Using the results in Fig. 3, the values of E, obtained
using experimental data, Mechanism A, and Mechanism B are 82 kJ/mol, 182 kJ/mol, and 69
kJ/mol respectively. Using the results in Fig. 4, the values of E, obtained using experimental
data, Mechanism A, and Mechanism B are 109 kJ/mol, 195 kJ/mol, and 79 kJ/mol respec-
tively. Therefore, qualitative agreement of Mechanism B with experiments is better than that
between Mechanism A and the experiments.



Figure 5 shows calculated concentration profiles of Hz, O2, HyO, CF3Br, HBr, H, and
Br, and the temperature profile. The profiles are calculated with 16 % Hy by volume in the
fuel stream, 2.5 % CF3Br by volume in the oxidizing stream, and for a = 150s~!. Figure 5
shows HBr and Br to reach their peak values near the region where CF3Br vanishes. This
region will be referred to as the CF3Br-consumption layer. This layer was also present in
hydrocarbon flames inhibited with CF3Br [5,9]. In hydrocarbon flames, there was a region
called the fuel-consumption layer where the fuel was consumed [5,9]. The region between the
fuel-consumption layer and the CF3Br-consumption layer was called the oxidation layer [5, 9].
In the oxidation layer, oxygen is consumed, and the temperature and H-radicals were found
to reach their peak values [5,9]. The structure of hydrogen flames appears to be different
from that of hydrocarbon flames. Figure 5 shows both hydrogen and oxygen to be con-
sumed together in the region to the left of the CF3Br-consumption layer. The concentrations
of H, and H,O and temperature reach their peak values in the region to the left of the
CF3Br-consumption layer. Therefore, there are significant differences between the structure
of inhibited hydrogen flames and hydrocarbon fames.

Concluding Remarks

An experimental and numerical study is conducted to characterize the influence of CF3Br
on the structure and critical conditions of extinction of hydrogen flames. The rate of the
key elementary reaction CF3Br + H = CF3 + HBr, which contributes to the consumption of
CF3Br, is measured. Numerical calculations are performed using two detailed chemical-kinetic
mechanisms. The critical conditions of extinction calculated using Mechanism B are found
to agree well with the measurements. Numerical calculations were also performed employing
Mechanism A using the rate data for the elementary reaction CF3Br + H = CF3; + HBr shown
in Table II of Ref. [11]. The critical conditions of extinction calculated using this rate for
CF3Br + H = CF; + HBr were nearly identical to those calculated with the improved rate for
this reaction. Mechanism A and Mechanism B include similar sets of reactions for describing
the chemistry of HBr and Br, but with a few significant deviations. These are discussed by
evaluating the values of the rate constants at 1200 K, a representative temperature for the
flames studied here. The rate constant for Br atom recombination employed in Mechanism B
is approximately twenty-six times smaller than that employed in Mechanism A, and therefore
leads to a reduced role for Bry in Mechanism B. This is partly compensated by the fact that
the rate constant for the reaction H + Bra = HBr + Br in Mechanism B is larger by a factor
of 1.6. In Mechanism A the rate constant for the H + Br recombination to form HBr and
the rate constants for HBr reactions with OH and O are significantly larger than those in
Mechanism B, by factors of 1.8, 15 and 91, respectively, although the rate constants employed



for the major flame radical removal pathway H + HBr are similar. There are also notable
differences in the treatment of the chemistry of decomposition of CF3Br. The rate constant for
unimolecular decomposition of CF3Br at 1200 K in Mechanism A is half that in Mechanism
B, whereas the rate constant for reaction of CF3Br with H atoms is larger by a factor of 1.5.
The revised rate constant employed here is larger still, by an additional factor of two.
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Figure 1: Comparison of measured and computed rate constants for H + CF3Br — CF5 +
HBr with literature values. Circles: FP-RF measurements, k,; open—NH;3 used as H-atom
source; filled—H30 used as H-atom source, k. (present work). Dashed line: transition state
theory result (present work). Triangle: measurement by Westenberg et al. (Ref. [12]). Square:
measurement by Le Bras et al. (Ref. [13]). Solid lines: fits to literature values: 1 Silver et al.
(Ref. [14]); 2 Hidaka et al. (Ref. [19]); 3 Biordi et al. (Ref. ( [17]); 4 Baulch et al. (Ref. [18]);
5 Petrova et al. (Ref. [16]); 6 Biordi et al. (Ref. [15]).
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Figure 2: Plot of pseudo-first-order decay constant for loss of H-atoms in the presence of excess
CF3Br at 860K and 140 mbar total pressure. The inset shows the measured intensity Iy as a
function of time t. The filled point is derived from the decay of fluorescence plus background
from scattered light shown in the inset.
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Figure 3: The mole fraction of CF3Br in the oxidizing stream Xcr,Br2 as a function of the
strain rate a, at extinction. The fuel stream is comprised 16% Hy and 84% N3 by volume.

The symbols represent experimental data. The experimental data is compared with results of
numerical calculations performed using Mechanism A and Mechanism B.
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Figure 4: The mole fraction of CF3Br in the oxidizing stream Xcr,Br2 as a function of the
strain rate a, at extinction. The fuel stream is comprised 15% Hj and 85% Ns by volume.
The symbols represent experimental data. The experimental data is compared with results of
numerical calculations performed using Mechanism A and Mechanism B.
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Figure 5: Concentration profiles of Hz, Oz, HoO, CF3Br, HBr, H, and Br, and the temperature
profile calculated using Mechanism B for a = 150. The fuel stream is made up of 16% Hs and
84% N3 by volume. The oxidizing stream contains 2.5 % CF3Br by volume.
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