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ABSTRACT

Experiments and calculations have been performed for a methane-air cup-burner flame with
added CF;Br or Br,. The time-dependent, two-dimensional numerical code, which includes a
detailed kinetic model and diffusive transport, has predicted the flame extinction within 4 % or
8 % for each. Analysis of the flame structure has allowed the mechanisms of flame weakening
in the base and trailing flame regions to be compared. The agents CF;Br and Br, behave very
similarly with regard to flame extinguishment: both raise the temperature in the flame
everywhere, as well as lower radical volume fractions in the trailing diffusion flame or the
reaction kernel. The mechanism of lowered radical volume fractions is shown to be primarily
due to a catalytic cycle involving bromine species in both regions of the flame, with small
contributions from radical trapping by fluorinated species in the trailing diffusion flame. In the
trailing diffusion flame, the effectiveness of the agents is reduced because the hydrocarbon
species, which are necessary for the regeneration of HBr, are scarce at the location of the peak
radical volume fraction (i.e., at the flame zone).

1.0 INTRODUCTION

The fire extinguishing agent trifluorobromomethane (CF;Br, Halon 1301) is effective [1] and
widely used [2]. Unfortunately, because of its destruction of stratospheric ozone, its production
in industrialized nations has been banned [3]. Much recent research has been aimed at finding
both short- [4, 5] and long-term [6] replacements for CF;Br. As a result, CF;Br itself has been
the continuing subject of many studies [7-13] since an improved understanding of its mechanism
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of inhibition will help in the search for alternatives, and nearly all assessments of new agents use
CF;Br as a baseline for comparison of the new agents.

The burner selected here is the so-called cup burner [14, 15], which is essentially a co-flow
diffusion flame burner with a wide, low velocity fuel nozzle rather than the jet nozzle of typical
co-flow diffusion flames. The cup burner is widely used in the fire protection industry as a scale
model flame for testing total-flooding fire suppressants and is the basis of National Fire
Protection Association (NFPA) [16] and ISO [17] standards. Typically, the agent is added to
the co-flowing oxidizer stream and the minimum extinguishing concentration (MEC) is
recorded. A vast database exists for the MEC of various fire suppressants with specific fuels
(both liquid and gaseous), and these data provide the basis for the minimum design concentration
for a particular agent to be used as a fire suppressant. While important research has been done
with CF;Br in cup-burner flames [18-20], the present work goes beyond the previous by
providing some new measured parameters (including new data for Br, addition) and applying
detailed numerical modeling to understand the flow-field and chemical kinetics important for
CF;Br or Br; extinguishment of cup-burner flames.

The basic mechanism of halogen flame inhibition was suggested by Rosser et al. [21] and further
justified and refined by Butlin and Simmons [22], Dixon-Lewis and co-workers [23, 24],
Westbrook [25-27], and Babushok and co-workers [28]. The reaction mechanism is:

Ho +X —> HX + a

B +HX— HB+X

in which X is a halogen, « is a hydrocarbon, and [ is a reactive radical such as H, O, or OH.
Hydrogen atom is typically affected most by the catalytic radical recombination cycles above,
and its decrease leads to a lowering of the chain-branching reaction H + O, — OH + O and the
CO consumption reaction CO + OH — CO, + H. While it is generally believed that the same
chemical mechanism is at work in the extinguishment of co-flow diffusion flames with added Br
compounds, there have been no papers which describe the actual mechanism.

In recent years, numerical investigations [29-31] using detailed chemistry models have revealed
the flame structure, blowoff phenomena, and physical and chemical suppression processes for
co-flow jet diffusion flames. Major findings indicate that the blow-off process is controlled by
behavior at the peak reactivity spot (i.e., reaction kernel), formed at the flame attachment point
in the edge (base) of diffusion flames. More recently, the extinguishment of cup-burner flames
with added inert agents [32] and CF3;H [33] has been studied. Nonetheless, most of the previous
work has been with jet flames, and no cup-burner studies have yet been performed for
brominated agents.

The overall objectives of the present study are to understand the physical and chemical processes
of cup-burner flame suppression by CF;Br and Br, and to provide rigorous testing of the
numerical model, which includes detailed chemistry and radiation sub-models. This paper
describes the experimental and numerical extinguishment limits, as well as the flame structure
changes which occur near the limits, for methane as the fuel and CF;Br or Br; as the agent.



2.0 EXPERIMENT

The burner [15, 34], consisted of a cylindrical glass cup (28 mm diameter) positioned inside a
glass chimney (53.3 cm tall, 9.5 cm diameter). To provide uniform flow, 6 mm glass beads filled
the base of the chimney, and 3 mm glass beads (with two 15.8 mesh/cm screens on top) filled the
fuel cup (for gaseous fuels only). Calibrated mass flow controllers (Sierra 860') provided the
gas flow with an uncertainty of 2 % of indicated flow. The flow rate of the co-flowing gas was
held constant at 41.6 £ 0.8 L/min, and the CF5;Br or Br, was added to that flow. For bromine as
the inhibitor, all flow tubes downstream of agent addition as well as the burner base were made
of Teflon to avoid reaction. A computer-controlled syringe pump added the liquid Br; to a 2.1 m
long tubing carrying the air, and complete Br, evaporation was observed to occur within a tubing
length of less than 1 m. For determining the extinguishment condition, the agent was added to
the flow (in increments of < 1 % near extinguishment), and the total flow increased slightly, until
lift-off was observed. (For the present flow conditions, the MEC is relatively insensitive to the
total flow [33].) The test is repeated at least three times. The co-flow oxidizer stream velocity
Uox with and without agent was 10.7 £ 0.21 cm/s, and the fuel jet velocity Us was 0.921 £ 0.018
cm/s.

The fuel was methane (Matheson UHP, 99.9 %), and the air was house compressed air (filtered
and dried) which was 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 vapor. The agents were
Br; (Aldrich, 99.5 %) and CF;Br (Great Lakes).

The flame images for the tests were recorded with video cameras and subsequently digitized.
For CF;Br addition, flame images were captured with a black and white Charge Coupled Device
(CCD) video camera (Sony, XC-ST50), and an interference filter (Oriel No. 59295, 430 nm,
bandwidth 10 nm) helped to resolve against soot emission and image CH in the reaction zone
[35]. A video frame-grabber board (with a resolution of 640 x 480 and a framing rate of 2 Hz) in
a Pentium-II based personal computer digitized the images, which were then analyzed to
determine the flame base location using the NASA image processing freeware program Spotlight
[36]. Thirty images were collected and subsequently analyzed for each flow condition of the
flame. Note that in figures which follow, if the uncertainty is shown on the data points, the error
bars represent the standard deviation (66 % confidence level) for the variation in the flame
location for the 30 frames of data (caused by naturally occurring flame flicker).

For the measured parameters, an uncertainty analysis was performed, consisting of calculation of
individual uncertainty components and root mean square summation of components. All
uncertainties are reported as expanded uncertainties: X £+ kuc, from a combined standard
uncertainty (estimated standard deviation) Uc, and a coverage factor k = 2. Likewise, when

' Certain commercial equipment, instruments, or materials are identified in this paper for adequately specifying the
procedure. Such identification does not imply recommendation or endorsement by NIST, nor does it imply that the
materials or equipment are necessarily the best available for the intended use.



reported, the relative uncertainty is kuc / X. The expanded relative uncertainties for the
extinguishment volume fraction of CF;Br and Br; are 2.7 % and 2.0 %.

3.0 NUMERICAL MODEL

The unsteady co-flow diffusion flames of the cup burner were simulated using a time-dependent,
axisymmetric mathematical model known as UNICORN (UNsteady Ignition and COmbustion
using ReactioNs) [37]. This model solves u- and v-momentum equations, continuity equation,
and enthalpy- and species-conservation equations on a staggered-grid system. The body-force
term due to the gravitational field is included in the axial-momentum equation to simulate
vertically mounted flames in normal gravity. A clustered mesh system traces the gradients in
flow variables near the flame surface. Calculations are made on a physical domain of 200 mm
and 47.5 mm in the axial (z) and radial (r) directions, with a non-uniform grid system of 251 x
101 or 480 x 384, constructed so that the minimum grid spacing in the flame zone is ~ 0.2 mm or
0.08 mm, respectively, in both the z and r directions. The computational domain is confined by
the axis of symmetry and wall boundaries in the radial direction and by the inflow and outflow
boundaries in the axial direction. The outer boundary in the z direction is located sufficiently far
from the burner exit (~ 15 fuel-cup radii) so that propagation of boundary-induced disturbances
into the region of interest is minimal. Flat velocity profiles are imposed at the fuel and air inflow
boundaries, while an extrapolation procedure with weighted zero- and first-order terms is used to
estimate the flow variables at the outflow boundary. For accurate simulation of the flow structure
at the base of the flame, which is very important in flame-extinguishment studies, the fuel-cup
wall was treated as a 1-mm-long, 1-mm-thick tube in the calculations. For simulating the heat
transfer between the burner rim and the flame, the temperature of the tubular rim was set at
600 K, which is somewhat higher than the 514 K £ 10 K measured previously in the
experiments. Since the flames at extinguishment are well lifted from the burner rim, heat losses
to the rim, and hence the rim surface temperature, is not as crucial as it would be if our interest
were primarily in the flame structure under the normal, stably attached condition.

The chemical kinetics of the CF;Br-or Br,-inhibited cup-burner flames are described using a
detailed chemical kinetic mechanism having 92 species and 1644 elementary-reaction steps,
developed by the National Institute of Standards and Technology (NIST) [38] through addition
of bromine- and fluorine-species inhibition reactions to the GRI-V1.2 combustion mechanism
[39]. The thermo-physical properties such as enthalpy, viscosity, thermal conductivity, and
binary molecular diffusion are calculated for each species from the polynomial curve fits
developed for the temperature range 300 K to 5000 K. Mixture viscosity and thermal
conductivity are then estimated using the Wilke and Kee expressions, respectively. Molecular
diffusion is assumed to be of the binary-diffusion type, and the diffusion velocity of a species is
calculated using Fick's law and the effective-diffusion coefficient of that species in the mixture.
A simple radiation model based on the optically thin-media assumption [40] was incorporated
into the energy equation. Only radiation from CO,, H,O, CO, and CH4 was considered in the
present study.



4.0 RESULTS AND DISCUSSION

4.1. FLAME EXTINGUISHMENT RESULTS

The experimental and numerical results (and the discrepancy between the two) for cup-burner
flames of methane and air extinguished by pure CF;Br or Br; are indicated in Table 1. The
numerical code predicts the MEC for CF;Br to be (2.49 + 0.01) %, or about 4 % higher than the
experiment (the uncertainty in the numerical prediction reported here is the change in CF;Br
volume fraction between simulations which caused, or did not cause, flame extinguishment),
while the prediction for Br; is 0.0167, or about 8 % higher than the experiment. Similar good
predictive ability has been found for, CF;H, CO,, He, Ny, and Ar [41], which are also shown in
the table (in order of decreasing effectiveness)[33, 42]. These close results (generally within
about 8 %) for all of the simulations with the variety of agents reflect the ability of the code to
accurately treat both the complex fluid dynamic stabilization process as well as the chemical
kinetics of the inhibited flame, and provide confidence in the numerically calculated flame
structure to be discussed below.

Table 1. Experimental and numerical extinguishment limit and % error between them, oxidizer heat
capacity, and adiabatic flame temperature for cup-burner flames at extinguishment.

Agent Xaexp Xacal (Xgeat =X aexp) Cpox at T¢ (K) at
Xa exp Xa exp
X a,exp ' '
' (J/mol K)

Br, 0.0154 £0.001 0.0167 0.084 29.28 2186
CF;Br  0.024 £0.001 0.0249 0.037 30.14 2174
CF;H  0.117£0.008 0.101 -0.137 31.74 2109

CO, 0.157 £ 0.006 0.145 -0.076 30.43 1927

He 0.267 £ 0.011 0.222 -0.169 26.94 2001

N, 0.259 £ 0.01 0.252 -0.027 29.16 1900

Ar 0.373 £ 0.015 0.357 -0.043 26.05 1875

4.2. FLAME STRUCTURE OF INHIBITED AND UNINHIBITED FLAMES

The structure of the uninhibited methane-air cup-burner flame in normal gravity has been
described previously [32, 43]. The flames are laminar and nearly axisymmetric. The low fuel
and air velocities used in the present investigation yield a weakly strained stable flame that is
attached to the burner lip. The heat release in the flame, together with the low flow velocities
promotes buoyancy-induced instabilities outside the flame surface causing it to flicker at a low
frequency, as described previously [44]. The computed flame is oscillating at a low frequency
with large toroidal vortices forming naturally outside the flame surface. The frequency
corresponding to the passage of these vortices (also known as the flame-flickering frequency) is
~ 11 Hz, which compares well with the value measured in the experiments (10 to 15 Hz,
according to the co-flow oxidizer velocity [44].

For flames with added CF;Br or Br, the inhibitor is added to the air flow while reducing the
air by a corresponding amount, so that the velocity is maintained constant. As CF;Br is added,
the flame base lifts off of the burner rim and moves inward. At a specific CF;Br volume



fraction, the flame base detaches from the
burner, drifts downstream and does not re-
attach. (The behavior for Br; is similar.) For
CF;Br, Figure 1 shows the measured flame base
height and radial position for the left and right
halves of the flame, as well as that predicted by
the numerical calculations. In both the
experiment and the calculation, the location
oscillates due to buoyancy induced flame
flicker, and the error bars on the experimental
points in Error! Reference source not found.
show one standard deviation in the base
location. As shown, the flame base height starts
at about 0.5 mm with 0% CF;Br, decreases
slightly for addition of 1 % CF;Br, and then
between 1.5 % and 2.0 % CF;Br, lifts to about 2
mm. The flame radial position also starts to
change at a CF3;Br loading of about 1% to
1.5 %, at which it moves radially inward by
about 2.5 mm. The magnitude of the base
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Figure 1 — Measured and calculated flame base radius
and height for left (detted) and right (solid) image of
flame base with added CF;Br. The larger solid green
points at 0% and 2.5% CF;Br are the model
prediction.

oscillation is relatively small up to 1 % CF3Br,

but above this value, it is about four times larger. The large solid squares in Figure 1 show the
predicted flame base height and radius. As shown, the numerical prediction is in reasonable
agreement with the experiments. The calculated reaction kernel height is about 30 % higher for
Br; than for CF;Br.

The flame structure is shown in some detail in Figure 2 at one instant in the flickering cycle at
which the vortex has convected away from the burner and is less influential. An uninhibited
flame is shown in the top frame, while flames with XCFSBr =0.0246 and XBr2 =10.166 (i.c., close

to extinguishment) are shown in the middle and bottom frames, respectively. The variables
include, on the right half: velocity vectors (V), isotherms (T), total heat-release rate (¢ ), and the

local equivalence ratio (@oca); and on the left half: the total molar flux vectors of atomic

hydrogen (My), oxygen mole fraction (Xp2), oxygen consumption rate (—CfA)oz ), and mixture

fraction (&), including stoichiometry (& = 0.055). The local equivalence ratio is defined [45]by
considering a stoichiometric expression for intermediate species in the mixture to be converted
to CO; and H,O and is identical to the conventional equivalence ratio in the unburned fuel-air
mixture. The mixture fraction was determined by the element mass fractions of carbon,
hydrogen, and oxygen as defined by Bilger [46].

In Figure 2, the common features for the uninhibited flame (top) and the inhibited flames near
lift-off (middle and bottom) are as follows. The velocity vectors show the longitudinal
acceleration in the hot zone due to buoyancy, and as a result of the continuity of the fluid,
surrounding air is entrained into the lower part of the flame, inclining the flow streamlines
inward due to the low velocity of the fuel flow and the downstream acceleration. Both the heat-
release rate and the oxygen-consumption rate contours show a peak reactivity spot (i.e., the



reaction kernel [30, 45, 47]) at the flame base, where the oxygen-rich entrainment flow crosses
the flame zone, thus enhancing convective (and diffusive) contributions to the oxygen flux. On
the other hand,
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chain radical species, particularly the H atom, diffuse back against the oxygen-rich incoming
flow at the flame base (edge). As a result, chain-branching (H + O, — OH + O) and subsequent
exothermic reactions are enhanced particularly at the flame base, thus forming the reaction
kernel. In the near-field region shown in Figure 2, except in the base (z < 6 mm) and tip regions,
the temperature of the main reaction zone (i.e., the trailing diffusion flame) is 1880 K to 1900 K
in the uninhibited flame and 1915 K to 1930 K with CF;Br, and 1920 K to 1970 K with Br,. .
For the flames in Figure 2, Table 2 lists the heat-release rate, oxygen consumption rate, velocity,
temperature, oxygen mole fraction, local equivalence ratio, and mixture fraction at the reaction
kernel. Most of the properties for CF;Br and Br, are similar, and these are also similar to those
of the uninhibited flame, highlighting the dynamic nature of the reaction kernel, that seeks a
location providing a balance between the flow velocity and the reaction rate. It is notable that
the temperature at the reaction kernel in the flame inhibited by CF;Br is 191 K higher than that
in the uninhibited flame, whereas the heat-release rate is 18 % lower; for Br, , the temperature in
the reaction kernel is 200 K higher and the heat release, 26 % lower.

Table 2. Reaction kernel properties.

Reaction kernel Agent (i)

Property None CF;Br Br,
X 0 0.0246 0.0166
d i (Jeemes™) 155 127 115

— g,k (molecm™es™) 0.00041  0.00034 0.00031
Vil (mes™) 0.275 0.260 0.332
Tk (K) 1505 1696 1705
Xo2k 0.041 0.041 0.044
& 0.052 0.044 0.044

4.3. CHEMICAL DESCRIPTION OF CUP-BURNER FLAME EXTINGUISHMENT
WITH CF3;BR OR BR;

The structure of the flame base (edge) has been found to be important for understanding the
stability of a jet diffusion flame [30, 45] and of the extinguishment of cup-burner flames by
CF;H [33], and it is likely to be important for the present flames with brominated inhibitors as
well. As described above, with 2.46 % CF;Br, the reaction kernel is located at a height of
2.84 mm above the burner lip; for 1.67 % Bry, it is calculated to be at 4.04 mm. The structure of
the flame is investigated in detail at this height, as well as in the trailing diffusion flame at a
height 10 mm above the reaction kernel. Since radical concentrations are important for flame
stability, Figure 3 shows the calculated temperature and radical volume fractions as a function of
radial location in: (a.) top image, trailing diffusion flame, and (b.) bottom image, reaction kernel.
Data are shown for uninhibited flames (solid lines), and those with X, =0.0166 (thick dotted

lines) and Xcrpr = 0.0246 (thin dotted lines). For comparison, results are also shown for
addition of a physically acting agent (CO,, dashed lines) near the extinguishment limit, Xco,=
0.14, (from [44], Fig. 6, at an elapse time of 0.08 s from the flame-base detachment).



In the trailing diffusion flame (top frame), the most striking features are that the properties for
CF;Br or Br; addition are very similar, and the net effect from CO, addition on the radicals is
also similar (although the reduction is achieved in a different way). For example, without
inhibitor, the peak temperature in the trailing diffusion flame is 1900 K, and the peak volume
fractions of OH, H, and O are 0.0047, 0.0024, and 0.0015. Addition of CO, lowers the peak
temperature to 1674 K, whereas addition of CF;Br raises it to 1930 K (due to the additional heat
release per unit mass of oxidizer from CF;Br reaction), and addition of Br; raises it even more, to
1970 K (due to the higher effective oxidizer volume fraction in the oxidizer stream, since Br; is
additional oxidizer). Radical volume fractions are reduced comparably with addition of any of
the agents: peak [H] and [O] are reduced by about 50 % with each of the agents, as is [OH] with
CO, addition, whereas CF;Br or Br, addition reduces [OH] by only 30 %. In all cases, the
radical volume fractions peak on the air side of the temperature peak, especially for OH, and O
(due to the usual inhibiting effect of the hydrocarbon species on the chain branching reactions).

At the height across the reaction kernel, the effect of the additives on the radicals is again
similar, although the reaction kernel location is slightly different. The peak temperatures are
significantly lower than in the trailing diffusion flame, 1517 K, 1465 K, 1749 K, 1730 K, for the
uninhibited, CO,, CF;Br, and Br, flames. In the uninhibited flame, the peak radical volume
fractions of OH, H, and O in the reaction kernel are 0.0015, 0.0011, and 0.00095, so that
compared with the trailing diffusion flame (height of 10 mm downstream of the reaction kernel),
[OH] is about a factor of three lower, [H], about a factor of two lower, and [O], about the same.
Adding the inert agent CO, (or similar inert agents [48]) lowers the temperature in the reaction
kernel only mildly, 52 K (since the reaction kernel moves so as to balance the local reaction rate
with the local flow field), as compared to a 232 K decrease in the temperature in the trailing
flame. On the other hand, addition of CF;Br raises the reaction kernel temperature by 232 K
(and Br; by 213 K), as compared to a 30 K (50 K for Br,) increase in the temperature in the
trailing flame. Nonetheless, radical volume fractions are still reduced in the reaction kernel,
although to a slightly smaller degree than in the trailing diffusion flame. For example, [OH] and
[H] are reduced about 41 % with CO,, CF;Br, or Br, addition, while and [O] is reduced about
55 % with CO, addition or 72 % with CF;Br or Br; addition. As in the trailing diffusion flame,
addition of CF;Br or Br; has a very similar effect on the radical volume fractions.

Figure 4 shows the structure of the uninhibited flames (left), or those with Xcrp=0.0246
(middle), or Xp;,=0.0166 (right) in the trailing flame (top) or reaction kernel (bottom) region. In

all frames (left scale), the reaction flux (i.e., the sum of the local reaction rates in mol/cm’/s) is
given for the sum of all hydrocarbon reactions (HC) involving OH, H, and O for the production
(+) and consumption (-) of these chain-carrying radicals, as well as the net effect from
hydrocarbon reactions (HCye). Also shown are corresponding sums for reactions involving
halogenated species (F+, F’, and F,), and the sum of both the hydrocarbon and halogen reactions
involving those radicals (Nety, ). In all frames (the right scale), the radial profiles of
temperature (T, K) , heat release rate (Q, J/em’/s), and volume fraction (x 10”) of CHy, O», and
inhibitor (CF;Br or Br,) are also provided.
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Figure 4 — Sum of reaction rates (left scale) of all reactions involving H, O, or OH, for CHg-air cup-burner
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effect on radical fluxes, for the halogen (F) and hydrocarbon (HC) reactions. Also shown (using the right
scale) are the temperature and heat release, as well as the species volume fraction for O,, CH,, and CF;Br or
Br, (curve labels in the middle frames are the same as the right frames unless otherwise marked).

In the trailing region of the flame (top frames), the major species volume fractions for the
uninhibited case (left frame) are those in a typical diffusion flame [ref??]. For example, in the
top left graph of Figure 4, the CH4 and O, are shown to be consumed at a radial location near,
but slightly interior to, that of the peak temperature and peak heat release rate. For the inhibited
flames (middle and right, top) the CH4 and O, are again consumed slightly interior to the peak
temperature, but heat release occurs throughout the region of radical production.

In the reaction kernel (bottom frames of Figure 4), the flames have a partially premixed
character. There is significant penetration of the oxidizer into the fuel stream, even for the
uninhibited flame. With addition of CF;Br, the flame lifts significantly, allowing oxygen levels
at the radial location of the branching reactions to reach 3 to 4 times higher than in the trailing
part of the flame. The lifted flame also allows the CF;Br to penetrate into the fuel stream.

The radial distribution of heat release rate is also shown in Figure 4. For both uninhibited and

CF;Br- or Br;-inhibited flames, the peak heat release rate in the trailing flame is about ten times
lower, and has a broader distribution than in the reaction kernel. The heat release rate generally

10



scales with the reaction flux for the radicals (as shown in Figure 3) for all conditions shown. It is
interesting to note that in the trailing diffusion flame, the peak heat release rate per unit volume
is about 30 % higher with CF;Br or Br, than without; whereas, in the reaction kernel (where
flame destabilization actually occurs), addition of CF3;Br or Br, lowers the peak heat release per
unit volume, but only by about 15 %.

The effect of CF;Br on the radicals can be seen through examination of their reaction fluxes. For
the trailing region of the uninhibited flames (top left), the hydrocarbon reactions are net
producers of radicals on the oxidizer side of the flame, but net consumers of radicals on the fuel
side. With addition of either CF;Br or Br; (top, middle or right), the hydrocarbon reactions are
everywhere net producers of radicals, while the reactions with halogen species are everywhere
net consumers. For the sum of all reactions (Net,e), the production of radicals is limited to the
central portion of the reaction zone, where mole fractions of both the fuel and the inhibitor are
low, while the net consumption occurs near the edges of this region, highlighting the effect of
CF;Br or Br, themselves on the radicals.

For the reaction kernel, Figure 4 (lower frames) shows that the magnitude of the reaction fluxes
(both production and consumption) for radicals is 5 to 8 times higher than in the trailing
diffusion flame, despite the lower temperature there (note the scale change on the left ordinate).
In the reaction kernel, the radical volume fractions are a few times lower than in the trailing
diffusion flame, but they are both produced and consumed at a much higher rate. As discussed
previously for other agents [48], this is due to the high rate of chain branching facilitated by the
high volume fraction of O, from the mixing underneath the lifted base region. The effect of the
brominated species on the radical pool in the reaction kernel (lower, middle and right frames) is
again indicated by the reaction fluxes, where reactions with the halogenated species (Fper)
consume radicals which are produced by reactions with the hydrocarbon species (HC,et). The
net effect of all reactions in the region (Net,, from reaction with both hydrocarbon and halogen-
containing species), however, is a net consumption of radicals. Hence, they must be supplied by
diffusion from upper regions (i.e., the trailing diffusion flame), as also indicated in Figure 2
(bottom left), which shows the high flux of H atoms at the reaction kernel. Since reactions of
halogen-containing species with radicals play a key role in weakening the flame base, it is of
interest to examine which reactions are responsible.

Figure 5 shows the reaction flux by radical reaction with halogenated species in more detail.
The net reaction flux of chain-carrying radicals (symmetrical about zero flux) is shown by the
left scale, while the reaction fluxes for the regeneration steps of HBr from Br is given by the
right axis (up from zero). The reaction kernel case (bottom graph) is simpler. For CF;Br
addition, about 95 % of the radical consumption by reaction with halogenated species is due to
HBr reaction with H or OH (H more important than with OH), and most of the remainder is due
to Br, reaction with H; with Br, addition, nearly all of the radical consumption is due to these
reactions. Thus, for CF;Br addition, the net contribution to the total halogen radical
consumption by the fluorinated species is only about 10 % (in the reaction kernel).

In the trailing diffusion flame with CF;Br addition (top, left frame), the importance of the

bromine reactions to the radical reduction is even stronger. Although not shown in the figure for
clarity, one can construct a reaction flux curve for the sum of Br-containing reactions which
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Figure 5 — Detail from Figure 4 of sum of reaction rates for all reactions involving H, O, or OH, with addition
of 2.46 % CF3Br (left frames) or 1.66 % Br, (right frames); top figure: trailing diffusion flame, bottom
figure: reaction kernel. For radical consumption, the total is shown for all halogen reactions (F-), as well as
the contribution from radical reaction with specific reactions of HBr or Br,. In both flames (top and bottom
frames), the important reactions reforming HBr and Br, are also shown (dotted lines, right scale).
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recombine radicals. That curve is greater in magnitude than the net consumption by the sum of
all halogenated reactions (F); that is, in the trailing diffusion flame, reactions with fluorinated
species (as well as those with hydrocarbon species) are net producers of radicals, and hence all
of the consumption comes from reactions with brominated species. In the trailing diffusion
flame, HBr + OH is the most important radical recombining reaction, followed by Br,+ H;
interestingly, the HBr + H reaction is a net consumer of chain-carrying radicals on the fuel side,
but a net producer of them on the oxidizer side of the flame, highlighting the reversible nature of
the catalytic cycle.

In the trailing flame (Figure 5 top frames), there is a large depression in the radical consumption
flux curve at a radial position near 8 mm, for either CF;Br or Br, addition. To investigate this,
we have plotted the reaction rates for the reactions which regenerate the species (HBr and Br)
necessary for the inhibition cycle. For CF;Br addition, these reactions,

CH4 + Br=CH; + HBr (1)
CH,0O + Br=HCO + HBr (2)
Br+Br+M=Br,+ M 3)
HBr+ H=Br+H, 4)

are shown (top, left frame) to occur in regions which exclude the central portion of the radical
consumption region: the first two reactions need hydrocarbon fragments, which are present only
at the fuel side, and the third reaction needs Br and is favored at lower temperatures, which cause
it to be favored on the oxidizer side. The final reaction is only a source of HBr as the
temperature decreases on the air side of the peak T, and the equilibrium for reaction (4) shifts to
the left. The results with Br, addition are similar. In contrast, in the reaction kernel (Figure 5
bottom frames), the most important reactions for catalytic species regeneration overlap with the
radical location much more effectively than they do in the trailing diffusion flame, and their rates
are about twice as fast. Hence, in the reaction kernel, due to good upstream mixing, the
effectiveness of the bromine catalytic cycles is not as limited by the regeneration steps as it is in
the trailing diffusion flame. This highlights the suggestion [49] that a key element in a catalytic
cycle is the regeneration of the catalytic intermediates. These results are consistent with the
finding [50] that the relative performance advantage of CF;Br over CO, depends upon the flame
type, with a lower advantage in counterflow diffusion flames relative to premixed flames. Note
that due to the premixing in the reaction kernel where stabilization takes place, cup-burner flame
extinguishment is more similar to premixed flame propagation that counterflow diffusion flame
extinction, as has been discussed previously [48].

A result of the more effective inhibition in the reaction kernel is that the flame will always be
destabilized first at the base (observed in both the calculations and the experiment). This occurs
since the catalytic cycles are more effective there, and because the reaction kernel depends upon
the downstream flame (which has higher radical volume fractions) as a source of radicals via
diffusion.
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6. CONCLUSIONS:

Cup-burner flames of methane and air with added CF:;Br or Br, have been studied
experimentally and numerically. The numerical code has predicted the flame extinguishment
volume fraction within about 4 % of experiment value for pure CF;Br, and 8 % for Br,. The
flame base lift-off has been predicted for CF;Br within the experimental error. The flame is
extinguished by a blow-off process rather than global extinction. With CF;Br added at near-
extinguishing conditions, the flame temperature is higher everywhere as compared to the
uninhibited flame, so that any increases in the average heat capacity of the oxidizer is more than
offset by heat release from inhibitor reaction.

The chemical details of cup-burner flame extinguishment by CF;Br or Br; are strikingly similar.
At near-extinguishing CF3;Br or Br, volume fraction (0.0246 or 0.0167), the cup-burner flame is
characterized by two regions: the reaction kernel, which is responsible for stabilizing the flame
at the base, and the trailing diffusion flame, which serves as a source of radicals for the reaction
kernel. While the volume fraction of chain-carrying radicals (O, H, and OH) is lower in the
reaction kernel, the reaction flux of radicals there is a factor of five higher, and the heat release
rate is also higher (by a factor of ten). CF;Br or Br; serves to reduce the radical volume fraction
in both regions, although the mechanism differs somewhat. In the reaction kernel, radicals are
consumed primarily through a catalytic cycle involving HBr reaction with H or OH, with small
additional contribution from the CF; fragment. In the trailing diffusion flame, the recombination
of radicals is solely due to bromine catalytic cycles, with reactions with fluorinated fragments
serving to produce radicals somewhat. In this downstream region of the flame, effective radical
recombination is limited by the regeneration steps for HBr in the catalytic cycle which depend
upon hydrocarbon species, that are scarce at the flame zone (where the peak radical volume
fraction is located). As a result, the less efficient catalytic cycle in the trailing diffusion flame
reduces the radical volume fractions there somewhat less as compared to the reaction kernel.
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