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This paper presents the first calculations and measurements of the burning vetocity of premixed hydrocarbon
flames inhibited by the three one-carbon fluorinated species CH, F,, CF;H, and CF,. The chemistry of these
agents is expected to be similar to that of some agents that may be used as replacements for CF;Br, so that
studying their behavior in methane flames provides an important first step towards understanding the
suppression mechanism of hydrocarbon fires by fluorinated compounds. The burning velocity of premixed
methane—-air flames stabilized on a Mache~Hebra nozzle burner is determined using the total area method
from a schlieren image of the flame. The inhibitors are tested over a range of concentration and fuel-air
equivalence ratio, ¢. The measured burning velocity reduction caused by addition of the inhibitor is
compared with that predicted by numerical solution of the species and energy conservation equations
employing a detailed chemical kinetic mechanism recently developed at the National Institute of Standards
and Technology (NIST). Even in this first test of the kinetic mechanism on inhibited hydrocarbon flames, the
numerically predicted burning velocity reductions for methane-air flames with values of ¢ 0f 0.9, 1.0, and 1.1
and inhibitor mole fractions in the unburned gases up to 0.08, are in excellent agreement for CH, F, and CF,
and within 35% for CF;H. The numerical results indicate that the agents CF;H and CH,F, are totally
consumed in the flame and the burning velocity is reduced primarily by a reduction in the H-atom
concentration through reactions leading to HF formation. In contrast, only about 10% of the CF, is
consumed in the main reaction zone and it reduces the burning velocity primarily by lowering the final

temperature of the burned gases.

INTRODUCTION

Halogenated hydrocarbons containing bromine
are effective [1] and widely used as fire sup-
pressants. Because of their destruction of
stratospheric ozone, however, the production
of these agents, the most popular being halon
1301 (CF;Br) will be discontinued in 1994.
There exists a need to develop alternatives to
these halons, to establish the relative effec-
tiveness of alternative inhibitors, and to under-
stand the mechanism of inhibition of the new
agents. The agents that are currently being
considered are mostly fluorinated and perfluo-
rinated alkanes. This article describes mea-
surements of the reduction in burning velocity
of premixed methane—air flames with the addi-
tion of three fluoromethanes (CF,, CF;H, and
CH,F,) that demonstrate some of the charac-
teristics of the alternatives, while having struc-
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tures simple enough so that their chemistry
can be described by a recently developed ki-
netic mechanism. Methane, although its oxida-
tion pathway is somewhat different from that
of larger alkanes, was selected because its sim-
ple structure is amenable to modeling. Impor-
tant insights into the chemical and physical
mechanisms of inhibition by fluorinated agents
in hydrocarbon flames can be obtained by
studying these fuels and agents. As the model
is further developed and tested, experiments
and calculations will be performed for larger
fuels and agents.

BACKGROUND

Early studies of the inhibitory effects of halo-
genated hydrocarbons on flames were con-
ducted in premixed systems. The premixed
laminar burning velocity is a fundamental pa-
rameter describing the overall reaction rate,
heat release, and heat and mass transport in a
flame. In addition, the reduction in the pre-
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mixed flame burning velocity is useful for un-
derstanding the mechanism of chemical inhibi-
tion of fires since diffusion flames often have a
stabilization region that is premixed, and good
correlation has been found between the reduc-
tion in burning velocity and the concentration
of inhibitors found to extinguish diffusion
flames [2]. Premixed flame burners have flow
fields that are relatively easily characterized,
making interpretation of the inhibitor’s effect
on the overall reaction rate straightforward.
Numerous groups [3-6] determined the influ-
ence of halogenated methanes on the
flammability limits of hydrocarbon-air mix-
tures. The magnitude of the inhibitory effect
and its dependence on halogen type and stoi-
chiometry generally indicated a chemical rather
than thermal mechanism.

Simmons and Wolfhard ([6] studied the
flammability limits of methane~air mixtures
with bromine and methyl bromide inhibitors
and showed that methyl bromide influenced
the limits of flammability in the same manner
as equivalent amounts of bromine and
methane, indicating that the decomposition
products of the halogenated methanes are re-
sponsible for the action. Garner et al. [7],
Rosser et al. [8], and Lask and Wagner [9]
measured the reduction in burning velocity
of various burner-stabilized hydrocarbon-air
flames with addition of several halogenated
methanes, halogen acids and halogen dimers.
In later work, Niioka et al. [10] experimentally
investigated the effect of CF;Br on the extinc-
tion velocity of opposed premixed C,H,
flames. The inhibitory effect was found to be
more effective in rich flames than in lean
flames. Mitani [11] used experimental results
on the decrease of flame propagation speeds
of premixed H,-O,-N, and C,H,~-O,-N,
flames with CF;Br addition to derive overall
activation energies for the inhibition reactions,
which correlated well with measured energies
for key inhibition steps. All studies were in
consensus that the magnitude of the inhibition
was related to the number and type of halogen
atoms present in the reactants, the concentra-
tion of the inhibitor, and the equivalence ratio
¢; and that the effect was generally too large
to be accounted for by thermal dilution effects.
This conclusion was based on supporting calcu-
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lations or measurements showing that the final
temperatures in the inhibited flames were not
low enough to account for the burning velocity
reductions observed.

Detailed information on the inhibition
mechanism of brominated species has been
provided by flame structure measurements.
Mass spectrometric measurements of stable
species concentrations in premixed flames of
methane and air were conducted by several
investigators: Levy et al. [12] used HBr to
inhibit a Bunsen flame and found that HBr
inhibited methane consumption but not CO
oxidation; Wilson [13] and Wilson et al. [14]
performed low-pressure inhibited premixed
flame studies with methyl bormide, HCI, HBr,
Cl,, and concluded that both CH;Br and HBr
act to reduce radical concentrations in the
preheat region of the flame by competing with
the chain branching reaction H + O, = OH
+ O, and that CH,Br lowers the peak OH
concentration to near equilibrium values, while
uninhibited flames have the characteristic
superequilibrium OH concentrations. Biordi
et al. [15, 16] used a molecular-beam mass
spectrometer to obtain stable and radical
species concentrations as a function of position
in low-pressure premixed flat flames of
methane and air with and without addition of
CF,Br, and Safieh et al. [17] performed similar
experiments with a low-pressure CO-H,-0,-
Ar flame. The data and analyses of these
researchers provided detailed kinetic informa-
tion on the mechanisms of Br and CF; inhibi-
tion under low-pressure premixed, burner-
stabilized conditions. Day et al. [18] and
Dixon-Lewis and Simpson [19] studied the
burning velocities and the rich flammability
limits of H,—O,-N, and H,-0,-N,O flames.
Their experiments and numerical modeling
showed that the thermodynamic equilibrium
relationship for the reaction H + HBr = H,
+ Br together with recombination steps involv-
ing bromine atoms are primarily responsible
for the inhibition effect of HBr compared with
HCl and HF, rather than competition with the
branching reaction H + O, = OH + O. West-
brook [20-22] developed a detailed chemical
kinetic mechanism for HBr, CH,Br, and CF,Br
inhibition and performed numerical calcula-
tions of flame structure, testing the mechanism
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using experimental burning velocity reductions
and, to some extent, using measured species
concentration profiles.

In the research described above, the inhibi-
tion is dominated by the chlorinated and
brominated species; however, most of the pro-
posed replacements for CF;Br contain only
carbon, hydrogen, and fluorine. Recently, stud-
ies have examined systems containing only
fluorinated inhibitors. Vandooren et al. [23]
performed molecular-beam mass spectrometer
measurements in a low-pressure premixed
flame of CO, H,, O,, and Ar inhibited by
CF;H, determined the destruction route for
CF,H, and obtained rate expressions for key
inhibition reactions. da Cruz et al. [24] mea-
sured the burning velocity of moist CO flames
inhibited by CF;Br, CFCl;, CF,Cl,, CF,C],
CE;H, and CF,, and found that the effective-
ness depended most strongly on number of Br
and Cl atoms, and that the inhibitor effective-
ness correlated with the rate of reaction of the
inhibitor with H-atom. Sheinson et al. [25, 26]
obtained experimental data on the concentra-
tion of halogenated hydrocarbons necessary to
extinguish co-flow heptane diffusion flames,
and used these data to develop empirical mod-
els of the contribution of the atoms and molec-
ular groups in the inhibitor to the chemical
and physical mechanisms of inhibition. Using
molecular beam mass spectrometer measure-
ments in a low-pressure H,—O, flame, Richter
et al. [27] determined the destruction pathway
for CF;H and found the reaction paths impor-
tant for CO, CO, and CF,O formation and
CO destruction. These studies indicated that
CF;H reduces radical concentrations in the
flames and inferred the important inhibition
reactions to be CF;H + H = CF; + H, and
CF; + OH = CF,0 + HF.

None of these studies examined fluorinated
inhibition in premixed hydrocarbon flames. The
present research extends the investigations of
burning velocity reduction to fluorinated in-
hibitors in hydrocarbon flames and applies a
newly developed kinetic mechanism to model
the experiments. Trifluoromethane was se-
lected because it is the smallest molecule that
is representative of the fluorinated alkanes and
provides the simplest species with which to
understand the chemistry that is believed to
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proceed through the CF; radical. In addition,
it is being considered as an agent suitable
for total flooding applications because of its
low toxicity. Difluoromethane is also relatively
simple to model and shows the effect of
higher hydrogen to fluorine ratio in the fuel
and the decomposition pathway which pro-
ceeds through the species CHF and CHF,.
Fluoromethane is an example of a perfluori-
nated agent. These compounds have been ar-
gued to be inert (due to the absence of the
hydrogen atom which is more easily abstracted
than a fluorine). Although burning velocity data
are not as sensitive a test of a particular reac-
tion mechanism as are flame structure mea-
surements, the burning velocity data of the
present research are useful for a first examina-
tion of the performance of the NIST fluori-
nated-species kinetic mechanism in hydrocar-
bon flames. The numerical results are then
used to determine the modes of inhibition
of the three fluoromethanes implied by this
mechanism, which may suggest important ar-
eas for model refinement and additional exper-
iments.

EXPERIMENT

Numerous techniques exist for measuring
burning velocities of flames, and there are good
reviews in the literature {28, 29]. All of the
flame and burner geometries employed, how-
ever, cause deviations from the desired one-di-
mensional, planar, adiabatic flame. In the pre-
sent research, a premixed conical Bunsen-type
nozzle burner is used. This method was se-
lected for the flame speed measurements be-
cause its simplicity allows rapid assessment of
the behavior of a number of halon alternatives.
The low rate of heat loss to the burner, the low
strain rate, and the low curvature facilitate
comparisons of the experimental burning ve-
locity with the predictions of a one-dimen-
sional numerical calculation of the flame struc-
ture. The burning velocity in Bunsen-type
flames is known to vary at the tip and base of
the flame and is influenced by curvature and
stretch (as compared to the planar burning
velocity); however, these effects are most im-
portant over small regions of the flame. Al-
though measurement of a true one-dimen-
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sional, planar, adiabatic burning velocity is
difficult, the relative change in the burning
velocity can be measured with more confi-
dence. Consequently, the burning velocity re-
duction in the present work is normalized by
the uninhibited burning velocity. For compari-
son with the results of other researchers, the
absolute burning velocities of the uninhibited
flames are also presented.

The flame speed measurements are per-
formed using a Mache-Hebra nozzle burner
[30]. The burner consists of a quartz tube 27
cm long with an area contraction ratio of 4.7
(over a 3 cm length) and a final nozzle diame-
ter of 1.02 + 0.005 cm. The nozzle contour is
designed to produce straight-sided schlieren
and visible images which are very closely paral-
lel. The burner is placed in a square acrylic
chimney 10 cm wide and 86 cm tall with provi-
sion for co-flowing air or nitrogen gas (for the
present data, the co-flow velocity is zero). Gas
flows are measured with digitally controlled
mass flow controllers (Sierra Model 860)! with
a claimed repeatability of 0.2% and accuracy
of 1%, which have been calibrated with bubble
and dry (American Meter Co. DTM-200A) flow
meters so that their accuracy is +1%. The fuel
gas is methane (Matheson UHP) and the in-
hibitors are trifluoromethane (Dupont), fluo-
romethane (PCR), and difluoromethane (Al-
lied Signal). House compressed air (filtered
and dried) is used after it has been additionally
cleaned by passing it through an 0.01-um filter,
a carbon filter, and a desiccant bed to remove
small aerosols, organic vapors, and water va-
por. The product gas temperature of the unin-
hibited flames is measured with Pt/Pt 6%
Rh-Pt/Pt 30% Rh thermocouples which are
coated with Yttrium oxide to reduce catalytic
reaction on the thermocouple surface. Mea-
surements with two bead diameters (344 and
139 um) allow correction for radiation losses.

! Certain commercial equipment, instruments, or materials
are identified in this paper in order to adequately specify
the experimental procedure. Such identification does not
imply recommendation or endorsement by the National
Institute of Standards and Technology, nor does it imply
that the materials or equipment are necessarily the best
available for the intended use.
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For the present data, the visible flame height
is maintained at constant value of 1.3 cm to
provide similar rates of heat loss to the burner,
while the desired equivalence ratio and in-
hibitor concentration are preserved. An optical
system provides simultaneously the visible and
schlieren images of the flame. A 512 by 512
pixel CCD array captures the image which is
then digitized by a frame-grabber board in an
Intel 486-based computer. The flame area is
determined (assuming axial symmetry) from the
digitized schlieren image using custom-written
image processing software. The average mass
burning velocity for the flame is determined
using the total area method [29].

The experimental technique is similar to that
used extensively by Van Wonterghem and Van
Tiggelen [31]. The present burner, however, is
larger, providing less curvature and strain; the
flame holder is not water-cooled and the mate-
rial (quartz) has a much lower thermal conduc-
tivity, reducing heat losses to the burner; the
ratio of the flame height to the burner diame-
ter is smaller so that there is less curvature,
strain, and buoyancy-driven flow; and the
burner is enclosed in a chimney with provision
for any co-flow gas. The mass flow controllers
provide additional flexibility in the operation
of the burner.

MODEL

The structure of the inhibited premixed meth-
ane-air flame is calculated using currently
available techniques [32-34]. The equations of
mass, species, and energy conservation are
solved numerically for the initial gas composi-
tions of the experiments. The solution assumes
isobaric, adiabatic, steady, planar, one-dimen-
sional, laminar flow and neglects radiation and
the Dufour effect (concentration gradient-in-
duced heat transfer) but includes thermal dif-
fusion. Molecular diffusion is modeled using
mixture-averaged diffusion coefficients. The
adopted boundary conditions, corresponding to
a solution for a for a freely propagating flame,
are a fixed inlet temperature of 298 K with
specified mass flux fractions at the inlet and
vanishing gradients downstream from the
flame. The calculations employed a chemical
kinetic mechanism recently developed at NIST
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[35-36] for fluorine inhibition of hydrocarbon
flames, which is based on earlier work [37-39].
The 83-species mechanism uses a hydrocarbon
sub-mechanism and adds C, (200 reactions)
and C, (400 reactions) fluorochemistry. The
hydrocarbon submechanism has been updated
to use GRI-Mech (31 species, 177 reactions;
[40]), which more closely predicts our experi-
mental uninhibited burning velocities. The
fluorinated-species thermochemistry in refer-
ences [35, 36] is from the literature when avail-
able and is otherwise estimated using empirical
methods (such as group additivity) and through
application of ab initio molecular orbital calcu-
lations. Fluorinated species reaction rates from
the literature were used when available and
these were extended to wider temperature and
pressure ranges using RRKM and QRRK
methods. Where no rate data were available,
rate constants were estimated by analogy with
hydrocarbon reactions. Although all of the re-
actions are not necessary to describe the pre-
sent flames adequately, the comprehensive full
mechanism is used for these initial calcul-
ations. Reduction of the mechanism will be
performed later after more experimental vali-
dation. It should be emphasized that the mech-
anism adopted [35-39] for the present calcula-
tions should be considered only as a starting
point. Numerous changes to both the rates and
the reactions incorporated may be made once
a variety of experimental and theoretical data
are available for testing the mechanism.

RESULTS

The current data and calculations are exten-
sions of results previously presented [41, 42].
Here, the experiments are conducted over a
wider range of equivalence ratio and at greater
inhibitor mole fractions and also include re-
sults for the inhibitor CF,. In addition, the
kinetic mechanism has been updated to corre-
spond to that which will appear in references
(35-36). The radiation-corrected temperature
of the uninhibited flames was measured at 4
mm above the flame tip to be 2054, 2075, and
2050 K for ¢ = 0.95, 1.0, and 1.05 respectively,
while the adiabatic flame temperature is calcu-
lated to be 2191, 2229, and 2234 K (note that
the inhibited flame speeds themselves were
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measured for a slightly wider range of equiva-
lence ratio, 0.9 to 1.1). In these measurements,
the final temperatures are about 150 K lower
than the calculated adiabatic flame tempera-
tures (the adiabatic flame temperature is the
same final temperature achieved in the calcu-
lation at a position far downstream). Heat
losses to the burner, although important near
the rim, are not expected to be large compared
to the heat release integrated over the entire
flame. The observed heat loss may be due
to non-one-dimensional effects, radiation, or
chemical non-equilibrium in the post-combus-
tion gases. Nonetheless, since the temperature
difference is not too great, it seemed most
appropriate to model the flame as freely prop-
agating rather than burner-stabilized (where
heat losses, for example in a flat flame burner,
are typically much greater).

The digitized images of the flames showed
that both the schlieren and visible images are
straight and parallel over all of the flame im-
age for CF,H and CF, at all inhibitor concen-
trations (the tip of the flame is not imaged in
the current arrangement). Since the distance
between the two images is related to the flame
thickness, which is in turn related to the burn-
ing velocity, the burning velocity appears to be
relatively constant over most of the flame. For
CH,F, at mole fractions above 6%, there is
noticeable curvature in the schlieren image,
indicating that non-one-dimensional effects
may be more important.

Figure 1 presents the measured mass burn-
ing velocity (expressed as the equivalent flame
velocity for flame propagation into reactants at
298 K) as a function of equivalent ratio for the
uninhibited methane-air flame, together with
the results of Rosser et al. {8] and Vagelopou-
los et al. [43]. The present data are about 7%
higher than the results of Rosser et al. for
¢ < 1.0 and up to 30% higher for ¢ > 1.0.
Rosser et al.’s experiments were also per-
formed in premixed Bunsen-type flames where
stretch and curvature can influence the burn-
ing velocity. In the recent experiments of
Vagelopoulos et al. [43], the measured burning
velocities of the planar flames are extrapolated
to zero stretch. For values of ¢ from 0.8 to 1.2
the present data are 3%—7% higher than their
results. This discrepancy may result from cur-
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vature and stretch in the present flame. Figure
1 also shows the burning velocity as a function
of stoichiometry calculated using the present
mechanism. Since the present analysis requires
a large number of flame solutions using a very
large mechanism, it was necessary to limit the
number of active grid points in the solution to
70-80 (values of GRAD and CURV of 0.35
and 0.55 in the PREMIX code). As shown in
Fig. 1, this produces a peak burning velocity in
the uninhibited flame of 40.8 c¢m/s, which is
6% higher than the peak burning velocity of
38.7 cm/s which we estimate as the value
obtained with an infinite number of grid points
(a value of 38.9 cm/s is reported in Ref. 43).
This slight loss in accuracy is acceptable con-
sidering the large time reduction for the calcu-
lations, and recalling that the burning velocity
reductions are reported and compared as nor-
malized burning velocity reductions. The
agreement between the experiment and model
is very good for the number of grid points
used; however, using three hundred or more
grid poinis gives burning velocities slightly
lower, so that the experimental results would

Burning Velocity (cnvs)

& Experiment

10 + x Vagelopoulos et al.
+ Rosser et al.

—— Mode!

0 —— + — + —

0.7 0.8 0.9 100 1 12 13 1.4
¢

Fig. I. Burning velocity determined using the total area
method from the schlieren image of the premixed meth-
ane-air flame in the nozzle burner as a function of fuel-air
equivalence ratio, together with the experimental results of
Vagelopoulos et al. {43] and Rosser et al. {8]. The solid line
is the numerically calculated burning velocity.
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be about 7% too high for values of ¢ from 0.8
to 1.2. Nonetheless, this agreement is consid-
ered to be good, and is expected since GRI-
Mech is being developed using existing experi-
mental methane-air burning velocities and the
present experimental results are close to those
of other researchers.

The results for the flames inhibited by N,,
CF,, CH,F,, and CF,;H are presented in Figs.
2a-2d respectively. The figures show the burn-
ing velocity of the inhibited flame (normalized
by the burning velocity of the uninhibited
flame) for values of ¢ of 0.9, 1.0, and 1.1 (here
the equivalence ratio is calculated based on
the oxygen demand of the fuel only). The mole
fraction of the inhibitor in Figs. 2-2d, as well
as in all other figures, refers to the entire
reactant mixture: fuel + oxidizer + inhibitor.
As a baseline case, Fig. 2a shows the results for
a flame inhibited by N,. The excellent agree-
ment in Fig. 2a is again a consequence of the
performance of GRIMECH. Most of the scat-
ter in the plots of the experimental burning
velocity results from flame fluctuations: the
camera framing rate is 30 Hz and flame area is
obtained from a single image; signal averaging
would reduce this scatter.

In Figs. 2b-2d, the numerical results are
presented in two ways: the solid lines present
solutions which allow full chemistry, while the
dotted lines present solutions in which the
inhibitor is constrained to be inert so that only
the thermal and transport properties of the
flame are modified by the inhibitor. Experi-
mental and numerical results are presented for
inhibitor mole fractions up to 0.08 when possi-
ble; for the lean stoichiometry and the in-
hibitors CF, and CF;H, flames could not be
stabilized for inhibitor mole fractions above
about 4%.

Figure 2b shows the results for CF,. The
lines are nearly coincident for the inert calcu-
lations at ¢ = 1.0 and 1.1, and the reacting
calculation at ¢ = 0.9 and 1.0. The experi-
ments show slightly more inhibition for richer
flames, whereas the model shows more inhibi-
tion for the leaner flame. The calculation which
assumes CF, to be inert shows slightly less
inhibition than the solution that allows decom-
position, but again, the difference is small. The
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Fig. 2. Burning velocity of premixed methane—air flame normalized by the uninhibited burning velocity at the
same stoichiometery as a function of the inhibitor mole fraction of the total reactant stream. Data are presented
for the inhibitors N,, CF,, CH,F,, and CF;H at fuel-air equivalence ratios of 0.9, 1.0, and 1.1. The symbols
present the experimental data, the solid lines the results of the numerical calculation allowing inhibitor reaction,
and the dotted lines the numerical calculation with the inhibitor present but non-reacting.

calculated burning velocity is in excellent
agreement with the numerical solution which
allows reaction of CF,.

Figure 2c presents the results of CH,F,.
Again, rich flames show more inhibition than
the lean flames but the effect is large for
CH,F,. The fuel effect of adding CH,F, to
lean flames increases the adiabatic flame tem-
perature above the uninhibited case for low
CH,F, mole fractions, promoting a higher
burning velocity. In competition with this ef-

fect is the slower kinetics caused by presence
of the fluorine compounds as discussed below.
Note that although the adiabatic flame tem-
perature is higher for lean flames with up to
5% CH,F,, the burning velocity is still re-
duced relative to the uninhibited flame. The
calculated burning velocities are very close to
the measured values for CH,F, mole fractions
up to 5%; as the inhibitor mole fractions reach
8%, the calculations over-predict the burning
velocity reductions by up to 17%.
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The results for CF,H are shown in Fig. 2d.
The mechanism is showing the proper qualita-
tive features of the inhibition including the
dependence on stoichiometry and the reduced
inhibitory effect at higher inhibitor mole frac-
tions; however, the calculation is showing up to
20% more reduction in burning velocity than is
observed in the experiments.

Figure 3 summarizes the calculated burning
velocity for inhibition by CH, and CF,, CH,F,,
and CF;H at ¢ = 0.9 and 1.1; experimental
results for CF,;Br [8] are included for compari-
son. All calculations predict that the rate of
reduction in the burning velocity with addition
of inhibitor becomes less at higher inhibitor
concentrations, and predict a strong effect of ¢
on the inhibition effect. The fluoromethanes
are much less effective than CF;Br at reducing
the burning velocity of methane-air flames at
these equivalence ratios. Interestingly, all of
the fluoromethanes are less efficient at reduc-
ing the burning velocity of the rich methane-air
flames than methane itself. For the slightly
fuel lean flames, the fuel effect (increasing
burning velocity of lean flames with addition of
the inhibitor) is larger for methane than for

Burning Velocity (cmvs)

CFH (11
0 t } 4t

0 0.02 0.04 0.06 0.08 o.t

Inhibitor Mole Fraction
Fig. 3. Calculated burning velocity of lean (dotted lines)
and rich (solid lines) methane-air flames with addition of
the agents CH,, CH,F,, CF;H, CF,, and CF;Br as flame
inhibitors. The nominal stoichiometry (based on oxygen
demand of the methane but not the inhibitor) is indicated
in parentheses.
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the fluoromethanes, yet upon entering the fuel
rich regime, the effect of methane as an in-
hibitor again is greater than the fluorometh-
anes.

DISCUSSION

In the present research, the burning velocity is
the only parameter used to assess the kinetic
mechanisms’ performance. Since many of the
reaction rates in the present mechanism are
estimations, it is of interest to examine the
sensitivity of the burning velocity to the fluo-
rine reactions. Table 1 lists the fluorinated-
species reactions for which the burning velocity
sensitivity (normalized by the highest sensitiv-
ity) is greater than 2%, for CF;H, CH,F,, and
CF,.

Figures 4a and 4b show the dominant reac-
tion pathways for CH,F,, and CF,H for ¢ =
1.0 and an inhibitor mole fraction of 4% as
deduced from the numerical calculations (in-
tegrating the reaction fluxes only over the pri-
mary reaction zone of the flame). The arrows

TABLE 1

First-Order Sensitivity Coefficient of the Burning
Velocity with Respect to Fluorine Reactions Normalized
by the Maximum Sensitivity of All Reactions (V} is the
burning velocity, w; is the rate of reaction I), for
4% CH,F,, CF;H, and CF; in Stoichiometric
Methane-Air Flames

dUo/d(l)l

Reaction _—
dUo/d (] I max

Agent

CFH CO+F+M=CFO+M 0.206
CHF; + M = CF, + HF 0.203
CFO + H = CO + HF 0.160
CF+0,=CFO+0 0.088
CHF, + H = CF, + H, 0.052
CH, + CF, = CH,CF, + HF 0.047
CF + OH = CO + HF 0.045
CFO + OH = CO, + HF 0.034
CF + H = C + HF 0.030
CH + HF = CF + H, 0.027
CH,F, CH,F, + OH = CHF, + H,0 0.207
CHF + HF = CH,F, 0.174
CHF, + HO, = CF,0 + OH + H  0.104
CH, + CHF, = CH,CHF + HF 0.089
CO+F+M=CFO+M 0.077
CFO + H = CO + HF 0.069
CH + HF = CF + H, 0.056

CF+0,=CFO+0 0.031
CF, CF,+H =CF, + HF 0.058
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Fig. 4. Dominant reaction pathways for decomposition of
the inhibitors CH,F, and CF;H in a stoichiometric pre-
mixed methane-air flame to which 4% inhibitor has been
added. Each arrow connects a reactant and product of
interest; for each reaction route, the reaction partner and
the percentage of the reactant that goes through that
route are indicated.
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connect species of interest; next to the arrows
are the second reacting species and the per-
cent of the first reactant which goes through
that route. Two-thirds of the difluoromethane
reacts with H and OH to form CHF,, while the
remainder undergoes thermal decomposition
to form CHF. Much of the CHF, reacts with H
to also form CHF, which also reacts with H to
form CH. About a sixth of the CHF, reacts
with CH; to form CH,CHF (whose consump-
tion is not shown for clarity), while a fifth
reacts with CH; to form CF, and CH,. Rapid
consumption of CHF, and CHF limit their
peak concentration to about 137 and 52 ppm,
respectively. About 40% of the CH reacts with
H,0 and O, as in uninhibited hydrocarbon
flames and is ultimately oxidized to CO. Inter-
estingly, another 44% of the CH predicted to
react with HF (often presumed to be inert in
these flames) to form CF which then reacts
with O, to form CFO, and with H to form C.
The species CFO ultimately forms CO through
reactions with H and OH and thermal decom-
position.

The reaction pathway for CF;H is noticeably
different. Loss of hydrogen through reaction
with H and OH leads to the CF, radical, most
of which reacts with H atom to form CF, (in
contrast, the work of Vandooren et al. [23] and
Richter et al. [27] in carbon monoxide and
hydrogen flames with 3% CF;H predict the
main reaction of CF; to be CF; + OH =
CF,0 + HF). The methyl radical again reacts
with about 20% of the fluorinated radical pre-
sent in highest concentration, in this case CF,
(218 ppm), to form a two-carbon fluorinated
molecule (CH,CF,). Most of the CF, reacts
with H-atom to form CF, which decomposes as
in the CH,F, case described above.

The reaction pathway for CF, is very similar
to that of CF;H. However, the decomposition
of CF, is slow, and only about 10%-29% of
the CF, is consumed by the end of the primary
reaction zone in the flame. Consequently, the
products of its composition have only a minor
effect on the flame structure, and we concen-
trate the remaining discussion on CH,F,, and
CF;H.

Previous researchers have suggested [16, 22,
23, 27] that fluorinated compounds act to re-
duce the overall reaction rate through their
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TABLE 2

Hydrogen, Oxygen, and Hydroxyl Radical Creation/Destruction Reactions Which Are at Least 1% of the Total Reaction
Flux and Which Involve Fluorinated Species

% of % of % of
AGENT H OH; (¢)
Reaction Cons. Reaction Cons. Reaction Cons.
CF,H
CHF, + H=CF; + H, 7 CHF, + OH = CF; + H,0 2 —_ —
CF, + H=CF + HF 6 — — — —
CF;, + H = CF, + HF 5 CF; + OH = CF,0 + HF 2 — —
CFO + H = CO + HF 3 — — — —
CF,0 + H = CFO + HF 2 — — — —
(H, + F=H + HF) -1 (H,0 + F = OH + HF) -5 — —
—_ CF+0,=CFO+0O -12
sum: 22 ~1 —-12
CH,F,
CHF + H = CH + HF 4 — — — —
CHF, + H = CHF + HF 3 — — — —
CH,F, + H = CHF, + H, 3  CH,F, + OH = CHF, + H,0 5 - —
CF, + H=CF + HF 2 — — — —
CFO + H = CO + HF 2 — — — —
— — (F+H,0=0H+HP -1 - —
— CF+0,=CFO+0 -7
sum: 14 4 -7
CF,
none none none

(and their decomposition products’) reaction
with hydiigen atoms to form less reactive radi-
cals and ultimately HF. In order to test this
hypothesis for near-stoichiometric methane-air
flames with the present kinetic mechanism, we
examined the peak radical concentrations, the
radical concentrations in the fuel consumption
zone of the flame, and the reaction fluxes for
production and consumption of O, H, and OH
radicals in the reaction zone. Table 2 shows
the reactions involving fluorine which directly
consume or create H and OH radicals in a
stoichiometric flame with 4% CH,F, or CF;H.
The integration of the reaction fluxes is again
carried out only over the primary reaction zone
of the flame. For the CF,-inhibited flames, all
of the fluorinated-species reactions affected
the O, H, or OH production rates by less than
1%. However, for CF;H and CH,F,, the sum
of these reactions account for almost 20% of
the H- and OH-atom consumption in the pri-
mary reaction zone. The direct effect of the

fluorinated species reactions on OH produc-
tion is negligible for CF;H and represents only
4% of the OH consumption for CH,F, (prim-
arily through OH reaction with CH,F,). The
production rate of O-atoms is predicted to be
increased from the reaction CF + O, = CFO
+ O. Nonetheless, both O and OH concentra-
tions are reduced through the additional H-
atom consumption reactions and the H, — O,
shuffle reactions. Figures 5a and 5b show the
peak O, H, and OH radical concentrations for
CH,F,- and CF;H-inhibited flames, respec-
tively. Also shown in the figures are the peak
radical concentrations in flames at the same
final temperature of the inhibited flames but in
the absence of the fluorinated species (ob-
tained through calculation with inert dilution).
Clearly, the presence of CF;H and CH,F,
reduces the peak radical concentrations below
that due to a temperature effect alone (Figs.
5a and 5b also present the calculated final
temperatures of these flames as a function of
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Fig. 5. Numerically calculated peak O, H, and OH mole
fraction (solid lines) as a function of inhibitor mole frac-
tion in the total reactant stream for CH,F, and CF,H
added to a stoichiometric methane-air flame. Also shown
(dashed lines) is the peak mole fraction of O, H, and OH
in 2 methane-air flame at the same final temperature of
the inhibited flame (obtained through addition of small
quantities of an inert species). The dotted lines show the
calculated final temperature.

the inhibitor mole fraction). As discussed by
Westbrook [20], the H-atom concentration in
the fuel consumption region of the flame is
related to the burning velocity. Figures 6a and
6b show the O, H, and OH radical concen-
tration at the point of one-half of the fuel
consumption as a function of inhibitor mole
fraction in the unburned gases (two levels of
interpolation between the existing numerical
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Fig. 6. Numerically calculated O, H, and OH mole frac-
tion (solid lines) at the point one-half of the fuel consump-
tion in a premixed stoichiom: tric methane-air flame to
which 4% CH,F, and CF;H have been added as in-
hibitors, as a function of inhibitor mole fraction in the
total reactant stream. The dashed lines indicate the radical
mole fraction at the point of one-half fuel consumption for
flames at the same final temperature as the inhibited flame
(obtained through addition of small quantities of an inert
species).

solutions contribute to the graininess in Figs.
6). The large reduction in the radical concen-
trations and the reduced rate of reduction at
higher inhibitor concentrations are evident, es-
pecially for the case of CF;H.
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CONCLUSIONS

The reduction in burning velocity has been
determined experimentally and numerically for
the fluorinated inhibitors CF;H, CH,F,, and
CF, in near-stoichiometric premixed methane-
air flames at inhibitor concentrations up to
8%. These data and analyses represent the first
such measurements and calculations for these
agents, fuel and conditions. The numerical re-
sults indicate that the reduced burning velocity
for the flames with CF;H and CH,F, is a
consequence of lower hydrogen atom concen-
trations occurring from reactions of H to form
less reactive radicals and HF. The calculations
illustrate that these inhibitors are not inert in
the present flames and show that the burning
velocity reductions and radical concentration
decreases are greater than can be accounted
for by temperature reduction from dilution by
the inhibitors acting as inert species. Even at
this early stage of development, the NIST flu-
orine-inhibition mechanism predicts the burn-
ing velocity reduction quite well for these
flames. Further research is necessary to vali-
date the mechanism with other flames and
with more stringent comparisons than burning
velocity (such as detailed flame structure mea-
surements). As the mechanism is further devel-
oped and refined, better agreement for CF;H-
inhibition of methane—air flames should be
possible, and the mechanism can be extended
to larger fuels and inhibitors.
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