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Abstract

The effects of fire-extinguishing agents CF3;Br and C,HF5 on the structure and extinguishing processes of
microgravity cup-burner flames have been studied numerically. Propane and a propane—ethanol-water fuel
mixture, prescribed for a Federal Aviation Administration (FAA) aerosol can explosion simulator test, were
used as the fuel. The time-dependent, two-dimensional numerical code, which includes a detailed kinetic
model (177 species and 2986 reactions), diffusive transport, and a gray-gas radiation model, revealed unique
flame structure and predicted the minimum extinguishing concentration of agent when added to the air
stream. The peak reactivity spot (i.e., reaction kernel) at the flame base stabilized a trailing flame. The calcu-
lated flame temperature along the trailing flame decreased downstream due to radiative cooling, causing local
extinction at <1250 K and flame tip opening. As the mole fraction of agent in the coflow (.X,) was increased
gradually: (1) the premixed-like reaction kernel weakened (i.e., lower heat release rate) (but nonetheless
formed at higher temperature); (2) the flame base stabilized increasingly higher above the burner rim, parallel
to the axis, until finally blowoff-type extinguishment occurred; (3) the calculated maximum flame temperature
remained at nearly constant (=~1700 K) or mildly increased; and (4) the total heat release of the entire flame
decreased (inhibited) for CF;Br but increased (enhanced) for C,HFs. In the lifted flame base with added
C,HFs, H>O (formed from hydrocarbon-O, combustion) was converted further to HF and CF,O through
exothermic reactions, thus enhancing the heat-release rate peak. In the trailing flame, “two-zone” flame struc-
ture developed: CO, and CF,O were formed primarily in the inner and outer zones, respectively, while HF was
formed in both zones. As a result, the unusual (non-chain branching) reactions and the combustion enhance-
ment (increased total heat release) due to the C;HF5 addition occurred primarily in the trailing diffusion flame.
© 2012 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

44135. USA. Fax: +1 216 433 3793. Because of its destruction of stratospheric
E-mail addresses: fxt13@case.edu, fumiaki.takahashi-1@ ozone, the use _Of the effective fire suppressant
nasa.gov (F. Takahashi). CF;Br (bromotrifluoromethane, Halon 1301) has

1540-7489/$ - see front matter © 2012 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.proci.2012.06.091


http://dx.doi.org/10.1016/j.proci.2012.06.091
mailto:fumiaki.takahashi-1@ 
http://dx.doi.org/10.1016/j.proci.2012.06.091

2708 F. Takahashi et al. | Proceedings of the Combustion Institute 34 (2013) 2707-2717

been discontinued, with exceptions being certain
critical applications such as the suppression of
cargo-bay fires in aircraft. Recently, some Halon
replacement agents, including C,HF5 (pentafluo-
roethane, HFC-125), have been evaluated in a
mandated Federal Aviation Administration
(FAA) test [1,2], in which a simulated explosion
of an aerosol can, caused by a fire, must be
suppressed by the agent. Unfortunately, unlike
CF;Br, the other agents, when added at approxi-
mately one-half their inerting concentrations, cre-
ated a higher over-pressure in the test chamber
and thus failed the test.

Similar combustion enhancement by various
halogenated inhibitors has been described in other
experiments for certain conditions: high-speed
turbulent flames [3], constant-volume closed-ves-
sel combustion device (bomb) [4], and shock tubes
[5,6]. Mawhinney et al. [7] found that unwanted
accelerated burning could be caused by applica-
tion of water mist to a fire (due to fluid-dynamic
enhancement of the burning). Hamins et al. [§]
reviewed previous work on enhanced burning
with application of fire suppressants, and also
concluded that the enhanced combustion was
due to more rapid mixing of fuel vapor with air,
from the combined effects of enhanced turbulent
mixing and more vigorous liquid fuel atomization
from agent jet impingement. In other tests, halo-
genated hydrocarbons added to the air stream of
diffusion flames have been shown to increase total
heat release. Holmstedt et al. [9] reported that
HFC 227ea or HFC 134a added to the fuel (pro-
pane) stream of a turbulent jet burner increased
the total heat release, by a factor of 2 and 3.8,
respectively, for concentrations just below that
required for extinguishment of the flame. The
present authors [10] also found that CF;H added
to the oxidizer stream in a methane cup-burner
flame increased the total heat release.

Recent work [11,12] employing thermody-
namic equilibrium and perfectly stirred-reactor
calculations (for premixed systems) indicated that
higher overpressures in the FAA aerosol can tests
might be due to higher heat release from reaction
of the inhibitor itself. Nonetheless, the agents
should still reduce the overall reaction rate and
inhibit the reaction [13,14]. For diffusion flames,
however, the flame structure and inhibition or
combustion enhancement processes are not yet
fully understood. By using comprehensive numer-
ical simulations, this paper extends previous work
[15-21] on cup-burner flames to more realistic
fuels (propane and the FAA aerosol can test
[ACT] fuel mixture) and fire-extinguishing agents.
Only zero-gravity (Og,) results are presented in
this paper to uncover previously unknown, essen-
tial physical and chemical processes in a relatively
calm environment. The earth-gravity (1g,) results
obtained by the present unsteady calculations,
revealing more dynamic nature (the flame-base

oscillations [18] followed by premature blowoff
[21]), will be reported elsewhere.

2. Computational method

A time-dependent, axisymmetric numerical
code (UNICORN) [22,23] is used for the simula-
tion of coflow diffusion flames stabilized on the
cup burner. The code solves the axial and radial
(z and r) full Navier-Stokes momentum equa-
tions, continuity equation, and enthalpy- and
species-conservation equations on a staggered-
grid system. A clustered mesh system is employed
to trace the gradients in flow variables near the
flame surface. The thermo-physical properties
such as enthalpy, viscosity, thermal conductivity,
and binary molecular diffusion of all of the species
are calculated from the polynomial curve fits
developed for the temperature range 300 to
5000 K. Mixture viscosity and thermal conductiv-
ity 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 coeffi-
cient of that species in the mixture. A simple radi-
ation model based on the optically thin-media
assumption was incorporated into the energy
equation. Only radiation from CHy, CO, CO,,
and H,O was considered in the present study.
The finite-difference forms of the momentum
equations are obtained using an implicit QUICK-
EST scheme [22], and those of the species and
energy equations are obtained using a hybrid
scheme of upwind and central differencing.

A comprehensive reaction mechanism was
assembled, for the simulation of propane or
ACT fuel flames with CF3;Br or C,HF5 added to
air, based on the four-carbon hydrocarbon mech-
anism of Wang and co-workers [24,25] (111 spe-
cies and 1566 one-way elementary reactions),
detailed reactions of ethanol (5 species and 72
reactions) by Dryer and co-workers [26-28], the
bromine parts of the mechanism of Babushok
et al. [29,30] (10 additional species and 148
reactions), and a subset (51 species and 1200 reac-
tions) of NIST HFC starting mechanism [31,32].
The final chemical kinetics model (177 species,
2986 reactions) is integrated into the UNICORN
code. Transport data for 139 species are available
in the literature; for the remaining 38 species, data
are constructed through matching these species
with the nearest species (based on molecular
weight) with known transport data. The fuel is
propane or the ACT fuel gas mixture (volume
fractions: Cs;Hg, 0.159; C,HsOH, 0.454; and
H,0, 0.387), and the agent is CF;Br or C,HF;
added to “air” (21 % O, in Ny).

The boundary conditions are treated in the
same way as that reported in earlier papers
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[15-21]. The computational domain is bounded by
the axis of symmetry, a chimney wall, and the
inflow and outflow boundaries. The burner outer
diameter is 28 mm and the chimney inner diame-
ter is 95 mm. The burner wall (1-mm long and
I-mm thick tube) temperature is set at 600 K
and the wall surface is under the no-slip velocity
condition. The mean fuel velocity is 0.307 cm/s
for propane or 0.853 cm/s for the ACT fuel, and
the mean oxidizer velocity is 10.7 cm/s at 294 K.

Validation of the code with the kinetic model
was performed through the simulation of oppos-
ing-jet diffusion flames. The predicted extinction
strain rates for propane—air flames (no agent) were
within 7.5% of the measured values (with an error
margin of 9%) by Zegers et al. [33]. The predicted
extinction agent concentrations for CF3;Br and
C,HF5 are within 4% of the measured concentra-
tions in weakly stretched flames and within 25% in
highly stretched flames.

3. Results and discussion
3.1. Internal flame structure

The flame-base region supports a trailing flame
and controls the flame attachment and detach-
ment processes [34]. Small variations in the agent
mole fraction in the coflowing oxidizing stream
(X,) result in profound changes near the extin-
guishment limit. Figure 1 shows the calculated
structure of a 0g, near-limit propane flame with
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agent (C,HFs) added at X, = 0.093. The variables
include the velocity vectors (v), isotherms (7), and
heat-release rate (¢). The flame base is already
detached and lifted above the burner rim. The
contours of the heat-release rate showed a peak
reactivity spot (i.e., the reaction kernel [34]) at
the height from the burner rim, z, =10.9 mm.
The chain radical species (H, O, and OH), as well
as heat, diffused back against the incoming flow at
the flame base (edge), thus promoting vigorous
reactions to form the reaction kernel. The values
of the variables at the reaction kernel were
g =76 W/em®, |vi| =0.164 m/s, T, =1600K,
Xo,x = 0.026, and —wo, x = 0.000095 mol/cm3 s;
where Xo,x and —&o,x are the mole fraction
and consumption rate of oxygen, respectively.
The fuel-oxidizer-agent mixing time (7.,;), deter-
mined by dividing the reaction kernel standoff
distance (zx = 10.9 mm) by the mean oxidizer
velocity (Uy = 10.7 cm/s), was 100 ms. The
reaction kernel broadened laterally, supporting a
trailing flame with two-zone structure to be
described later.

Figure 2 shows the radial and axial variations
of the species mole fractions (X;), temperature,
and heat-release rate (HRR) crossing the reaction
kernel of the propane flame with C,HF5 added at
X, =0.093. There are striking differences (as well
as similarities) in the radial plot at z = 10.9 mm
(Fig. 2a), compared to typical chemically passive
agent (CO,, N,, Ar, and He) cases for methane
flames [20,21]; i.e., Xco was much larger, Xu,o
was much smaller, and there are broad and large

e

______.—————.—.—_—_—..—-—l@.—'-

{.I__
g~

— ;m@‘

e e

== — by

* e e s e e e e e e s s ey e e s

. e e e e s e e e e
IR = e e e m = me e e s e ey e ey ey

Radius, mm

Fig. 1. Calculated structure of a Og, propane flame in air with added C,HF5 at X, = 0.093.
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Fig. 2. Calculated structure through the reaction kernel for a Og, propane flame in air with C,HF5 at X, = 0.093. (a)
Radial (z =10.9 mm) and (b) axial (r = 14.4 mm) variations of the mole fractions, temperature, and total heat-release

rate.

concentrations of HF, CF,O, and minor fluori-
nated intermediates on both fuel and oxidizer
sides. The heat-release rate peak was formed on
the oxidizer side. The axial plot (Fig. 2b) revealed
the premixed-like nature of the unique flame-base
structure. At increasing axial distances along
r = 14.4 mm, the mole fractions of the reactants
(CsHg, O,, and C,HF5s) decreased, intermediate
species and chain radials (H, O, and OH) peaked,
the temperature increased, the heat-release rate
peaked, and the final products (CO,, HF, and
CF,0) were formed. Surprisingly, H,O and H,
formed by hydrocarbon-O, reaction were com-
pletely converted to HF and CF,O. Also notice
that Xo was much higher than Xy and Xop.

The reactions of HF and CF,O formation con-
tributed most, by a large measure, to the overall
reaction rate and heat-release rate at the reaction
kernel (to be shown later).

Figure 3 shows the radial variations of calcu-
lated variables crossing the trailing flame at
z=15.9 mm (z; + 5 mm). At this height, the flame
is characterized by “two-zone” structure (inner and
outer) as is evident from two heat-release rate
peaks. In the inner zone (11 mm < r < 15 mm), 7,
Xu, Xo, and Xoy peaked, and hydrocarbon fuel
fragments and, more importantly Xy,0 and Xy,
from the fuel side, diminished, unlike in a neat dif-
fusion flame without a halogenated agent [21]. As
the case at the reaction kernel, X peak was much
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Fig. 3. Calculated radial variations of the mole fractions, temperature, and total heat-release rate through the trailing
flame for a Og,, propane flame in air with C;HFs at X, = 0.093 (z; = 15.9 mm).

larger than Xy and Xoy. In the outer zone
(15mm <r <18 mm), the agent (C,HFs) from
the air side decomposed and diminished, the mole
fractions of many fluorinated species (CF,0, CF4,
CF;-CF3, CHF3, etc.) peaked, and, interestingly,
there were no chain radicals (H, O, and OH). Small
mole fractions of CsHg, leaked over the flame-base
standoff distance, and H,O were observed on the air
side. Figure 4 shows the radial variations of the cal-
culated production (+) or consumption (—) rates
(Fig. 4a) and heat-release rates (Fig. 4b) of species
i crossing the trailing flame at z = 15.9 mm. In the
inner zone, H,, H,O, CO, O,, F, and CF,0O were
consumed, HF and CO, were formed, and the chain
radicals (H, O, and OH) were formed and con-
sumed depending on the radial location. In the
outer zone, C;HF5 and O, were consumed, HF,
CF,0, and CO were formed, and F was formed
on the fuel side and consumed on the air side. The
major contributors to the overall heat-release rate
(Fig. 4b) were the formation of CO, and HF in
the inner zone and CF,O and HF in the outer zone.

Figure 5 shows the maximum heat-release rate
of each elementary step crossing the reaction ker-
nel and the trailing flame (z=10.9 mm and
15.9 mm, respectively). At the reaction kernel
(red), a number of steps for CF,O and HF (and
CO,) formation by radical attack (both chain
radicals [OH, O, and H] and the free F atom)
on various fluorinated fragments contributed to
overall HRR. In the trailing flame (blue), the main
HRR contributors depended on the location;
(inner zone): the F-attack on H,O and H, to form
HF in addition to the ordinary CO + OH — CO,
conversion; and (outer zone): the F-attack on

C,HF5 to form HF and the O-attack on CF; to
form CF,0.

The structure of the ACT fuel flame (not shown)
was very similar to that of the propane flame, except
for generally larger Xu,0 and X¢,u,0n, and smaller
Xc,n, because of the initial fuel composition.

3.2. Blowoff extinguishment mechanisms

In previous papers [20,21], the blowoff-type
extinguishment processes of methane cup-burner
flames were investigated using chemically passive
agents (CO,, N,, He, and Ar). There are both
common and different features with chemically
active agents (CF;Br and C,HFs) described below.
Figure 6 shows the effects of the agent volume frac-
tion in the coflowing oxidizer on the calculated
axial (z) and radial (ry) positions of the reaction
kernel from the burner exit on the axis in both pro-
pane and the ACT fuel. In the present unsteady cal-
culations, as X, was increased incrementally, the
flame-stabilizing reaction kernel moved down-
stream gradually and then more steeply as the extin-
guishment limit approached (X, > 0.02 for CF3Br,
X, > 0.08 for C,HF5). For each X, a stable station-
ary flame was obtained. The radial location of the
reaction kernel remained nearly constant over a
wide range of X, and increased slightly as it lifted
off, thereby more premixing occurred over the
standoff distance. The calculated minimum extin-
guishing concentrations (MECs) of CF3;Br were
X, =0.0254 and 0.0208 for propane and the ACT
fuel, respectively, and those of C,HFs were
X, =0.097 and 0.112 for propane and the ACT
fuel, respectively. There is no 0g,, experimental data
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Fig. 4. Calculated radial variations of the (a) species production rates, and (b) species and total heat-release rates
through the trailing flame for a Og,, propane flame in air with C,HFs at X, = 0.093 (z = 15.9 mm).

for these fuels available for comparison. Measured
MEC values for propane flames in lg, are
X, =0.028 to 0.043 for CF;Br and ~0.103 for
C,HF; [35-37].

Figure 7 shows the calculated temperature and
heat-release rate along the propane flame zone for
various X, approaching the extinguishing limit.
The vigorously burning flame base represented
by the peak ¢ (reaction kernel) sustained station-
ary combustion processes in the flow and held
the order-of-magnitude weaker (smaller ) trailing
flame zone downstream. The peak heat-release
rate values (70 to 80) W/cm? in the near-limit pro-
pane flames were the same as the methane flames
with a chemically passive agent (CO, [20], N5, He,
or Ar [21]). The flame temperature peaked around
1700 K, decreased linearly downstream due to
radiative heat loss, whereupon the exothermic
reactions shut off, causing flame-tip opening,
around 1200 to 1250 K (see dashed lines).

Figure 8 shows the variations of the tempera-
ture and velocity components along a vertical

path crossing the reaction kernel of propane
flames. For each X, value of added C,HFs, and
proceeding up the vertical path from z=0: (1)
the temperature rises steeply as the flame base is
approached; (2) the axial velocity (U) first
decreases toward the flame base (due to stream-
tube expansion into the wake region and around
the flame base), then increases downstream due
to longitudinal gas expansion at high tempera-
tures. As X, was increased, the magnitude of the
radial component decreased. For the near-limit
X, (0.093 to 0.094) and the sufficiently long mixing
time (0.1 to 0.2's), the minimum axial velocity
component just before the temperature rise was
~0.05 m/s, which was comparable to the meth-
ane-chemically passive agent cases (=0.07 m/s)
[20,21].

It was found previously [20,21] for methane
flames with added N, or CO, that the calculated
incoming flow velocity (~0.07 m/s) into the near-
limit flame base was nearly the same as the laminar
flame speeds (0.07 to 0.1 m/s) at corresponding



F. Takahashi et al. | Proceedings of the Combustion Institute 34 (2013) 2707-2717

Rxn. No.
CF2+OH-->CF2:0 +H 1849
H20 + F --> OH + HF 1685
CO+OH-->C02+H 61
CF2+0-->CF.O+F 1845
CF3 +H-->CF2 + HF 1719
CHF2 + 0 -->CF2:0 +H 1661
H2 + F --> H + HF 1679
CF2 + OH --> CF:0 + HF 1853
CF3 + OH --> CF2:0 + HF 1669
CHF + O —->CO + HF 1843
CHF2-CF3 + F --> CF3-CF2 + HF 2827
CH3+0-->CH20 +H 177
OH + H2 --> H + H20 5
CHF2 + H --> CHF + HF 1713
CF + OH --> CO + HF 1891
CF+02-->CF:0+0 1883

CF3+0-->CF20+F

CH2:CHF + H + M --> CH3-CHF + M
HCCO +0->H+CO+CO
CF+0->CO+F
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Fig. 5. Maximum heat-release rate of each step across the reaction kernel and trailing flame for a 0g,, C3Hg flame in air

with C,HFs at X, =0.093.
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dilution, consistent with a classic view [38] of diffu-
sion flame stabilization. For various C;—C3 hydro-
carbons, it was also found [39] that the calculated
transit speed of a diffusion flame base (edge), which
propagated through the near-stagnant stratified
mixing layer, equaled each fuel’s stoichiometric
laminar flame speed, available in the literature.
Similar calculations were performed recently (not
shown) for both propane and the ACT fuel using
the present kinetic model. The calculated diffusion
flame edge transit velocity was 0.06 m/s for both

propane and the ACT fuel at X, value of added
C,HF5 of 0.10 and 0.11, respectively, which were
close to the calculated blowoff limit conditions
(X, =0.097 and 0.112, respectively). It was also
noticed that as the concentration of added
C,HF; was increased to X, > 0.06, the flame edge
transit velocity for the ACT fuel became greater
than that of pure propane. This result was consis-
tent with the present result that the ACT fuel flame
was more stable at large X, and the MEC was
greater than that of propane.
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The incoming flow velocity around the flame
base is important in diffusion flame stability as
it represents the reciprocal of the residence time
through the reaction kernel. Figure 9 shows the
effects of the agent volume fraction in the oxidizer
on the calculated total (|vy|), axial (Uy), and radial
velocity (Vy) at the reaction kernel. For both fuels
and both agents, as X, was increased, the absolute
values of |vy| initially increased, decreased gener-
ally to a minimum, and then increased steeply
as the flame lifted off. Figure 10 shows the tem-
perature, heat-release rate, and a ratio of the
heat-release rate and the total velocity at the reac-
tion kernel. For both fuels and both agents, as X,
was increased, the reaction kernel weakened
(lower heat-release rate), but the flame stabilized
at higher temperature at a location which pro-
vided a larger reaction time (lower |vi|). There is
a striking difference compared with the passively
acting agents for which the Ty was nearly

constant [20,21]. Nevertheless, the quantity
Gr/|vi| (which relates to a ratio of the residence
time and the reaction time, i.c., local Damkholer
number, at the reaction kernel [34]) decreased
mildly, stayed nearly constant over a wide range,
and as the flame lifted off the burner, decreased
rapidly to a minimum level (3 to 4), which was
comparable to the chemically passive agents. This
result suggests that the reaction kernel shifted
gradually downstream (where ¢;/|vx| ~ constant)
to seek a location where longer residence time is
available for longer reaction time caused by agent
addition (which lowers the overall reaction rate).
A subtle balance between the residence time and
the reaction time (or more specifically, the incom-
ing flow velocity and the laminar flame speeds)
must be important in flame stabilization [34]. As
the flame lifted higher, it became more difficult
to obtain the balance, thus leading to blowoff
eventually.
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3.3. Combustion enhancement

Figure 11 shows the maximum temperature in
the trailing diffusion flame, the total heat-release
rate (§iora1) integrated over the entire flame, and
the flame base region (¢ +3mm) only. Unlike
chemically passive agents [20,21], which work
thermally to reduce the flame temperature by dilu-
tion, the maximum flame temperatures for both
propane and the ACT fuel were nearly constant
(=~1700 K) for C,HFs or mildly increased for
CF;Br over an entire range of X, varied until lift-
ing. There was a striking difference between
CF;Br and C,HFs in ¢ over the entire flame.
Grotal decreased (i.e., inhibition) with added CF;Br,
whereas it increased (i.e., combustion enhance-
ment) with added C,HFs, while for both fuels
and both agents, ¢.., . 3mm Was nearly constant.
Thus, the combustion enhancement occurred only

in the trailing flame. In fact, the heat release in the
trailing flame (Giowl — §<z+3mm) doubled with
added C,HFs (at X, =~ 0.1). Although the volu-
metric heat-release rate in the trailing flame was
an order-of-magnitude smaller than the peak ¢,
integration over the entire trailing flame zone
made the total value much larger. This result sug-
gests the significant implication that even if the
reaction kernel, with premixed-like flame struc-
ture, is weakened by halogenated agent addition
toward the flame stability limit, the trailing diffu-
sion flame can burn more reactants (including
the agent itself) because of the additional heat
release to form HF and CF,O in the aforemen-
tioned “two-zone” flame structure. Although the
global reaction and heat-release rates in Og,
flames, reported in this paper, were generally
small because of relatively slow diffusion-domi-
nant transport processes, they could become
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Fig. 11. Calculated maximum temperature, total heat release rate integrated over an entire flame, and the base region of

0g,, propane and ACT fuel flames in air with added agent.

orders-of-magnitude larger if convective transport
would participate in the combustion processes.

4. Conclusions

Numerical simulations with full chemistry have
revealed the effects of chemically active fire-extin-
guishing agents (CF;Br and C,HF5) on the flame
structure, blowoff mechanisms, and combustion
inhibition or enhancement of propane and ACT
fuel coflow diffusion flames in the cup-burner con-
figuration. Absence of gravity uncovered previ-
ously unknown processes without complications
induced by buoyancy in earth gravity. The flame
tip opened due to local extinction by radiative
heat losses when the calculated local flame tem-
perature decreased to <1250 K. Addition of
CF;Br or C,HF;5 to the oxidizer weakened the
flame attachment point (reaction kernel) at the
flame base, thereby inducing the detachment, lift-
ing, and blowout extinguishment eventually.
Unlike chemically passive agents studied previ-
ously, the calculated maximum flame temperature
remained at nearly constant (1700 K) for C,HFs
or mildly increased for CF;Br, while the reaction
kernel temperature increased for both agents, as
a result of additional heat release from the inhib-
itor itself. In the premixed-like reaction kernel,
H,O formed from hydrocarbon-O, combustion
was converted further to HF and CF,O by exo-
thermic reactions, thus enhancing a heat-release
rate peak. Nevertheless, CF;Br successfully inhib-
ited the reaction and reduced the overall total heat
release. By contrast, the C;HF5 addition resulted
in the combustion enhancement (increased total
heat release), in the unique “two-zone” structure
of the trailing diffusion flame, primarily by the
HF formation in both inner and outer zones and
the CF,O formation in the outer zone.
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