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a b s t r a c t

Previous experimental studies have shown that some halogenated fire suppressant agents added to
hydrocarbon–air systems can enhance the combustion. For example, their addition to the air stream
can widen the flammability limits of lean mixtures, and increase the maximum explosion pressure for
constant volume combustion. To explore the experimentally observed combustion enhancement, the
combustion properties of pure mixtures of fire suppressants and air/oxygen were studied. Adiabatic com-
bustion temperatures, ignition delays and burning velocities were calculated for several typical fluori-
nated fire suppressant agents (CF3H, C2F5H, C3F7H and C3F7COC2F5) in mixtures with air, and CF3Br and
CF3I in air and oxygen. Calculated burning velocities are in the range 0.37–2.5 cm/s at initial temperature
400 K (stoichiometric air mixtures of CF3H, C2F5H, C3F7H, C3F7COC2F5, 1 bar). The results show that the
fluorinated agents possess sufficient energy to participate in combustion processes, and can support com-
bustion with burning velocities which should be measurable (for some of the systems) at slightly ele-
vated initial temperatures. Simulated ignition delays for C3F7H and C3F7COC2F5 are shorter than for
propane for the analyzed range of temperature (1000–1500 K), and those for C2F5H/air mixtures are com-
parable with propane in a lower temperature range (1000–1250 K).

Published by Elsevier Inc. on behalf of The Combustion Institute.

1. Introduction

It has been observed that halogenated fire suppressant agents
may enhance combustion in laboratory and in large scale experi-
ments under certain conditions. Ohtani [1], Shebeko et al. [2], Azat-
yan et al. [3] and Kondo et al. [4] reported wider flammability
limits with suppressant addition for fuel lean conditions. Gmurc-
zyk and Grosshandler [5,6] observed increased pressure ratio and
wave propagation rate for high speed turbulent flames in a detona-
tion/deflagration tube with the addition of various halogenated
hydrocarbons to ethylene– and propane–air mixtures. Hamins
and Borthwick [7] found a slight promotion effect of C3F7H and
C2F5H on the hot surface ignition of methane and propane. In dif-
fusion flame experiments, Holmstedt et al. [8] and Katta et al. [9]
measured larger total heat release with hydrofluorocarbon (HFC)
addition to the fuel or air stream of co-flow diffusion flames.
Takahashi et al. [10], using direct numerical simulation, have re-
cently calculated a larger heat release with C2F5H addition to the
air stream of cup-burner flames of methane. Ural [11], Azatyan

et al. [3] and Lisochkin and Poznyak [12] indicated that haloge-
nated agents possess their own heat release in the combustion pro-
cess. Thus it should be expected that the contribution of additional
heat to the hydrocarbon combustion system might sometimes lead
to unexpected behavior.

In more applied, large-scale experiments involving suppression
of fires in aircraft, Blake et al. [13] found ignition and flame prop-
agation in the smoke layer (containing vitiated air and C2F5H)
above bulk fires (cardboard boxes) in an aircraft cargo bay. In the
Federal Aviation Administration (FAA) aerosol can test (FAA-ACT),
Reinhardt [14] measured higher over-pressures in a simulated aer-
osol can explosion in a pressure vessel (simulating an aircraft cargo
bay), in the presence of several fire suppressants. With the agents
C2F5H, C3F7COC2F5, or 2-bromo-3,3,3-trifluoropropene (2-BTP)
added to the air stream at sub-inerting concentrations, the pres-
sure rise in the chamber was several times higher than with no
agent. The agent CF3Br (Halon 1301) did not show this tendency.
In follow-up work Linteris et al. [15,16] used thermodynamic cal-
culations and stirred-reactor modeling with full kinetics to investi-
gate the conditions of FAA-ACT. They demonstrated that at sub-
inerting concentrations of agent, the overpressures were controlled
by thermodynamics and by the mixing of the fuel with oxidizer.
Furthermore, for C2F5H, the implied burning velocities of the con-
sumed mixtures were estimated to be as low as 1.7 cm/s. Note that
the ‘‘enhancement’’ of the combustion in the FAA-ACT by the sup-
pressant refers to the magnitude of the total pressure rise, not the
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rate of pressure rise; hence, even mixtures with low flame speeds
can contribute to the pressure rise.

Since the mixtures in the FAA-ACT appeared to release energy
(and have enhanced overpressure) even under conditions of low
calculated burning velocity [17], and since those conditions are
much closer to flames of the suppressant with air (having very lit-
tle hydrocarbon), it is of value to examine the combustion proper-
ties of pure suppressants with air. It has been noted [1,3,11,12,18]
that several fire suppressant agents themselves sustain combus-
tion under specific conditions (elevated temperatures and pres-
sures, large scale fires, oxygen atmosphere), as listed in Table 1.
For example, Ural [11] experimentally observed the combustion
of C3F7H at an initial temperature 295 K and pressure of 30.6 bar
(444 psig, 12.6% agent volume fraction in air, closed spherical ves-
sel with a volume of 20 L). Lisochkin and Poznyak [12,18] reported
ignition of C2F5H–air and CF3I–air mixtures.

The goal of the present work is to investigate the combustion
properties of typical halogenated flame inhibitors (CF3H, C2F5H,
C3F7H, C3F7COC2F5, CF3Br and CF3I) mixed with air or oxygen (but
with no hydrocarbon fuel), and to analyze thermodynamic and ki-
netic restrictions on the combustion of these systems. The follow-
ing results are presented below. First, the adiabatic combustion
temperatures are calculated for stoichiometric mixtures of some
typical fire suppressant agents with air. Second, the 1-D adiabatic
steady laminar flame is calculated for stoichiometric mixtures of
CF3H (HFC-23), C2F5H (HFC-125), C3F7COC2F5 (Novec 1230),
C3F7H (FM-200, HFC-227a, CF3CFHCF3) with air and, CF3Br and
CF3I with oxygen. Finally the ignition delay is calculated for the
agents in air.

The flames of these pure halogenated hydrocarbon–air systems
are somewhat exotic, and their burning velocities are low. None-
theless, recent analyses have shown that for systems in which
the residence time is very long [14], exothermic reaction of mix-
tures even with low overall reaction rate (i.e., burning velocities)
must be considered [16].

2. Modeling procedure

Kinetic models of combustion of fluorinated compounds (CF3Br,
CF3I, CF3H, C2F5H, C3F7H, C3F7COC2F5) were taken from previous
works [15,21,22]. GRI-Mech 3.0 [23] was used as the hydrocarbon
part of the kinetic models. The previous development of the kinetic
models for fluorinated inhibitors [24] was conducted assuming
their addition in relatively low concentrations to near-stoichiome-
tric hydrocarbon–air flames. Hence, the models have limitations
when used for modeling combustion of air with the agents present

at large concentrations. For example, preliminary burning velocity
simulations, performed in this work, indicated that for the pure
agents with air, the radical pool consists mainly of F, CF3, CF2,
C2F5, O and OH, with concentrations of fluoro-containing radicals
substantially higher than those of O and OH radicals, which are
much higher than concentration of H atoms. Hence, additional
reactions were added to the National Institute of Standards and
Technology (NIST) HFC mechanism as discussed in [15]. For
C3F7COC2F5 combustion, burning velocities simulations showed
stabilization of C2F6 and CF3COF in the flame zone. Additional reac-
tions of fluoro-containing radicals (F, CF3 and C2F5) with these spe-
cies were added to the mechanism as listed in Table 2. Rate
constants were estimated by analogy with similar reactions and
by using correlation of activation energies with reaction enthalpy
changes.

The Sandia Chemkin programs EQUIL, PREMIX [25], and SENKIN
[26] together with their chemical kinetics [27] and transport [28]
interpreters were used to calculate equilibrium, laminar burning
velocity and ignition delay. The NIST graphical post-processor
SenkPlot [29] was used for post-processing.

3. Results and discussion

3.1. Adiabatic combustion temperatures

Table 3 shows the calculated adiabatic combustion tempera-
tures for stoichiometric mixtures of several fluorinated fire sup-
pressants with air. The data are consistent with the results of
Ural [11]. The halogenated agents have fuel-like properties, and
when mixed with air might form combustible mixtures with heat
release. Table 3 also includes results for stoichiometric mixtures
of CF3Br and CF3I in oxygen atmospheres, at increased initial tem-
perature and pressure (400 K and 3 bar). The calculated adiabatic
temperatures are 1497 K and 1593 K. Earlier work [30–35] has
shown that for hydrocarbon–air mixtures, the combustion temper-
ature at the lean flammability limit is approximately constant at

Table 1
Combustibility of fire suppression agents.

Agent Combustibility Reference

CF3Br Self-ignition temperature 695 �C [19]
Some evidence of combustibility (while fighting big fires) [11]

C2F4Br2 Self-ignition temperature (air) 657 �C [19]
Self-ignition temperature (oxygen) 460 �C
Burning velocity (oxygen) 1.5 cm/s
Flammability limits (oxygen) 28.5–52% volume fraction

CF3I Combustible (33.5–61.5% volume fraction in air, 1 bar, Eign = 41–217 J) [12]

C3F7H Ignitability, 30.6 bar (444 psig), 298 K [11]
Flammable,<30.6 bar (450) psig
Some evidence of combustibility (while fighting big fires)

C2F5H Some evidence of combustibility (while fighting big fires) [11]
Combustible (8 bar, air, Eign = 2.2 kJ) [18]

CF3CHCl2 (R-123) Self-ignition temperature 770 �C [20]
Combustible in air under pressure (strong ignition sources)

Table 2
Additional reactions.

Reaction A (cm, mole, s) E (J, mole)

CF3COF + CF3 = CF3CO + CF4 2.e12 37,700
CF3COF + C2F5 = CF3CO + C2F6 3.e11 58,600
C2F6 + CF3 = CF4 + C2F5 3.e12 47,300
CF3CO + F = CF3 + CFO 3.e12 0.0
CF3CO + F = CF4 + CO 5.e12 0.0
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about 1500 K. Furthermore, for very low strain, well stabilized con-
ditions (e.g., cup burner flames in microgravity), the temperature
at flame extinguishment was calculated to be even lower, around
1250–1300 K [36]. Chen and Sohrab [33] estimated 1128 K as a
limit temperature for lean counter-flow premixed methane/air
flames. Thus, many of the stoichiometric mixtures listed in Table 3
could potentially support flames, depending upon the reaction
kinetics, the stabilization, and the residence times.

Figure 1 shows the dependence of adiabatic combustion tem-
perature on C3F7COC2F5, C3F7H and C2F5H concentrations in air at
initial temperatures of 300 K and 400 K. Examination of the equi-
librium species for the stoichiometric flames shows that CF4,
CF2O, CO2 and HF are the main products, depending on the equiv-
alence ratio. It is of interest that combustion products contain
rather large concentration of atomic F in the range between 0.1%
and 1% by volume, while concentrations of O, OH and H are signif-
icantly smaller in comparison with concentration of F atom.

3.2. Burning velocities of premixed flames

The laminar burning velocity SL was calculated for stoichiome-
tric mixtures of the fire suppressants with air (Table 4, Fig. 2). Ini-
tial pressure was 1 bar, and the initial temperature was 400 K.
Water vapor was present in the total mixture at a volume fraction
of 0.001. The hydrofluorocarbons C2F5H and C3F7H had calculated
burning velocities of about 1.6 cm/s and 2.5 cm/s, while those for
CF3H and C3F7COC2F5 were lower, around 0.5 cm/s. For C3F7H

which had the highest calculated burning velocity, solutions were
also obtained over a range of stoichiometry, as indicated in Fig. 2.
As with hydrocarbon–air flames, the maximum burning velocity of
the C3F7H–air flames occurs in slightly rich mixtures. Since
C3F7COC2F5 consists largely of a C2F5 fragment and C3F7 fragment,
one might expect its behavior to be intermediate between C2F5H
and C3F7H. As Fig. 2 shows, however, the burning velocity of
C3F7COC2F5 is smaller than the average of burning velocities
C2F5H and C3F7H. Apparently, the flame promotion effect of the
hydrogen atoms is greater than that of the CO moiety. In addition,
the calculated adiabatic burning velocities for stoichiometric mix-
tures of CF3Br and CF3I with oxygen are included in Table 4.

The flammability limits of fuel–air mixtures are known to be af-
fected by the initial temperature and pressure, thus it is of interest
to explore how they affect the burning velocity for the present
agents. Figure 3 shows the effect of initial temperature on burning
velocity of stoichiometric mixtures of air with C3F7COC2F5, C2F5H,
and C3F7H. Increasing the initial temperature from 400 K to 500 K
increases SL by a factor of 3.84, 2.0, and 1.8, respectively. This is a
much stronger temperature dependence than for hydrocarbons;
for example, for CH4–air flames, increasing T0 from 400 K to
500 K increases SL by a factor of about 1.4 [37,38]. Figure 4 shows
the effect of initial pressure P0 on the burning velocity. Increasing
P0 from 1 bar to 5 bar increases SL by about 14% for C3F7H, whereas
for C3F7COC2F5, it decreases SL by about 42%. For C2F5H, increasing
P0 from 1 bar to 3 bar decreases SL by about 14%. Hence, the effect
of pressure on burning velocity depends on the agent and the mag-
nitude of the effect is less than for a methane–air flame, for which
increasing pressure from 1 bar to 5 bar decreases SL by about 63%
[38].

The calculated fluorocarbon/air flames correspond to a self-sus-
taining reaction proceeding with multiple zones of heat release

Table 3
Adiabatic combustion temperatures of stoichiometric mixtures of fluorinated fire
suppressants with air (1 bar, 300 K).

Fire suppressant Stoichiometric concentration
in air, % by volume

T (K)

C2F6 29.58 1381
C3F8 17.36 1552
C4F10 12.28 1743

CF3H 29.57 1669
C2F5H 17.36 1809
C3F7H 12.28 1800

C3F7COC2F5 7.749 1823

CF3Br 45.65 1248
CF3Br, 1 bar, 400 K 45.65 1323
CF3Br/O2, 3 bar,400 K 80 (oxygen atmosphere) 1497

CF3I 45.65 1340
CF3I, 1 bar, 400 K 45.65 1432
CF3I/O2, 3 bar, 400 K 80 (oxygen atmosphere) 1593

Fig. 1. Dependence of adiabatic combustion temperature on the agent concentra-
tion in the mixture with air (dashed line, 300 K; solid line, 400 K).

Table 4
Adiabatic burning velocities of fire suppressant/air stoichiometric mixtures (1 bar;
heat losses were not considered).

Agent Oxidizer Initial
temperature (K)

Burning
velocity (cm/s)

CF3H Air 400 0.567
C2F5H Air 400 1.56
C3F7H Air 400 2.48
C3F7COC2F5 Air 400 0.367
CF3I Oxygen 500 1.33
CF3Br (3 bar, maximum

SL at CF3Br = 65% by vol.)
Oxygen 500 0.27

Fig. 2. Dependence of adiabatic burning velocity on C3F7H volume fraction in the
mixture with air (1 bar, 400 K). Also included are burning velocities of stoichiom-
etric air mixtures for C3F7COC2F5, C2F5H and CF3H.
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(two for C2F5H and CF3H, and three zones for C3F7COC2F5). It is of
interest that two-stage combustion was observed for C3F7H/air
mixtures by Ural [11]. Two pressure peaks were experimentally
measured during combustion in a closed vessel at elevated pres-
sures, with a rather large time interval between peaks. Figure 5
shows the flame structure of the C2F5H flame. As indicated in
Fig. 5a for C2F5H, the first zone corresponds to the region with
the main temperature increase and to the relatively fast oxidative
decomposition of fluorinated agent, and CO formation. The second
stage corresponds to relatively slow reaction of O2 with CO, CF4,
and CF2O, leading eventually to their flame equilibrium concentra-
tions. The flame thickness for the low SL flames of fluorinated com-
pounds is large. The well-known correlation between flame
thickness and burning velocity (d � k/(cpqSL), [39,40]) roughly cor-
responds for the level of calculated burning velocities (�0.5–
2.5 cm/s) to the thickness of the first stage, where most of the heat
release occurs. It is of interest to note, that such large zones upon
flame stabilization can provide additional opportunities for flame
structure studies at moderate pressures.

Reaction pathways for the decomposition of the agent (and its
byproducts) for the C2F5H–air flame are presented in Fig. 6. In
the figure, arrows connect the reactant and product species of
interest, with the specific reaction partner next to each arrow
(and the fraction of the reactant going through that route in paren-
theses). The reaction fluxes are integrated over the entire reaction
domain. The results demonstrate that the radical pool (responsible

for attack on the fuel and its fragments) consists primarily of F, CF3,
C2F5, O, OH and CF2 radicals. The concentration of these radicals in
a flame zone (first zone) is roughly an order of magnitude less than
the concentration of the radical pool species (H, OH, O) in typical
hydrocarbon/air flames. The decomposition of agent proceeds
through straight-chain radical reactions rather than the typical
chain-branching reaction proceeding in hydrocarbon–air systems.
As a result, the present halocarbon–air systems are not particularly
sensitive to the water vapor contents, as has been reported in sys-
tems with higher hydrogen content [41,42]. The compound
C3F7COC2F5 does not contain a hydrogen atom in the molecule.
Thus a dry C3F7COC2F5/air system might be sensitive to the pres-
ence of hydrogen containing additives. Nonetheless, for the agent
C3F7COC2F5, preliminary calculations indicate that addition of
water vapor just slightly increases burning velocity. For the other
agents (CF3H, C2F5H, C3F7H), trace water vapor addition decreases
the burning velocity. However at large water vapor loadings
exceeding 4–5% by volume, slight increase of burning velocity is
observed. Note that the large water vapor volume fractions are
possible because of the higher initial temperature of 400 K.

In the C3F7COC2F5/air flame, the agent decomposition occurs in
the first zone with formation of the two stable intermediate fluori-
nated species C2F6 and CF3COF, as well as CF4, CF2O, CO and CO2.
The two-carbon fluorinated species are consumed in the second
flame zone after some induction period, implying that there exist
some critical conditions for the consumption of C2F6 and CF3CFO.
The first temperature increase related to the consumption of
C3F7COC2F5 is about 630 K, and the second increase related to
C2F6 and CF3CFO consumption is about 700–800 K. The duration
of the first zone is determined by oxidized decomposition of
C3F7COC2F5 to the more stable C2 (primarily) and C3 fluorinated
species (to a lesser extent, since they mainly disappear in the first
stage). As indicated above, the consumption of C3F7COC2F5 does
not involve reactions with hydrogen containing species, which
may explain why its burning velocity is lower as compared with
the hydrogen containing fluorinated compounds.

The calculated flames are preheated, have thick, multistage
reaction zones, and are slowly propagating and hence, might be
thought of as somewhat exotic. Under normal conditions heat
losses from the reaction zone and fluid dynamic disturbances
extinguish such flames. For example under typical ambient condi-
tions it is difficult to observe flames propagating with burning
velocities below 0.5–3 cm/s [31,32,34,43–46], and 5 cm/s has
sometimes been cited as the burning velocity at the flammability
limit [30,47] (although this value is of course, device dependent).
The staged behavior of these flames presents experimental chal-
lenges to their stabilization. Nonetheless, for large scale fires, com-
pletion of the latter stages of the reactions of these premixed
systems could occur for systems with long residence times (on
the order of tens of seconds).

The overall reaction rate with HFC-agent addition to the near
stoichiometric hydrocarbon–air system is generally decreased
[41]. Nonetheless, despite the reduction in the reactivity of the sys-
tem, HFC agent addition creates the potential for higher heat re-
lease and an attendant higher pressure rise in a closed system.
Whether the higher pressure rise will occur depends upon the rate
at which reaction rate is increased by the higher temperature, ver-
sus the rate at which it is lowered due to slower kinetics of the
fluorinated species system. Thus in spite of the use of effective
flame inhibitors leading to substantial weakening the combustion
system through the decrease of the reaction rate, the system may
still have appreciable amount of additional heat release which in-
creases the combustion temperature. Under typical conditions this
is not a problem as the burning velocity is decreased to the level
where the environment becomes able to remove the heat gener-
ated by the combustion process leading to extinguishment. Note,
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that some of the calculated burning velocities are possibly below a
limit value determined by heat losses. The determination of the
limit value of burning velocity represents a complex and separate
problem [31,33,34,43–45,47]. However, it should be emphasized
that under unfavorable conditions (large fires, extended times of
process, elevated pressures and temperatures, etc.), where the
environment is not able to remove the generated energy, the sys-
tem itself may contain enough energy for sustaining combustion
and as a result, unwanted combustion is observed.

3.3. Ignition delays

The ignition delay si was determined for stoichiometric mix-
tures of the pure compounds (CF3Br, CF3I, CF3H, C2F5H, C3F7H and
C3F7COC2F5) with air at P0 = 1 bar. The criterion for si was defined
as the time to reach a 100 K increase in temperature, which corre-
sponds to the time for significant heat release. The simulations
were performed for a range of initial temperatures as shown in
Fig. 7. There were two complications in the determination of the
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ignition delay. The first complication was the two-stage reaction
behavior in the oxidation of CF3I. The first stage corresponds to
the relatively fast CF3I decomposition with formation of C2F6 and
with some heat release (approximately 5–10% of the total). The
second reaction stage is related to the formation of reaction prod-
ucts CF4 and CF2O. The second reaction stage was used for the
determination of the ignition delay. The second complication was
a relatively large temperature decrease at the beginning of the
induction period for CF3H, C2F5H, C2F7H and C3F7COC2F5 due to
endothermic decomposition of the agent, the magnitude of which
increased with initial temperature. A similar temperature decrease
is observed in the homogeneous autoignition of hydrocarbons;
however it is substantially less pronounced than that for these
fluorocarbons.

As indicated in Fig. 7, CF3Br had the longest ignition delay, with
the approximate ranking: CF3Br > CF3H > CF3I > C2F5H > C3F7H >
C3F7COC2F5. For comparison the ignition delay for a stoichiometric
propane/air mixture was also calculated using C1–C4 kinetic mod-
el from Ref. [48]. Surprisingly, the agents C3F7H and C3F7COC2F5

have a shorter ignition time than propane for the temperature
range of 1000–1500 K temperature range, while that for C2F5H is
comparable to that of propane for 1000–1250 K.

There exists an experimentally determined self-ignition tem-
perature of CF3Br [19], (966 K as listed in Table 1), and this value
can be approximately compared with the results of calculations.
The critical condition of thermal explosion (self-ignition) is roughly
determined by the relationship [49], sq = si, where sq is the charac-
teristic cooling time and si is the adiabatic ignition delay time. The
characteristic cooling time can be estimated using the relationship
sq = cpqV/(aS), where cp is the heat capacity; q, the mixture den-
sity; V, the reaction volume; a, the overall heat transfer coefficient,
and S, the surface area of reaction vessel. The cooling time is
roughly in the range 3–20 s for typical spherical reaction vessels
(2–10 L). These characteristic cooling times can then be compared
with the calculated ignition delay for CF3Br at 966 K, si � 37 s,
which is in approximate agreement with the cooling time. Note
that the kinetic models were used without modifications, as de-
scribed above, and additional reactions may be important for the
region below 1000 K (e.g. reactions of the HO2 radical).

It is of interest that extrapolating the ignition delay predictions
for the fluorocarbons (Fig. 7) to the regime in which 3 s < si < 20 s
implies that self-ignition like phenomenon should be observed for
all fluorocarbons, especially for C3F7H and C3F7COC2F5, at lower
temperatures than for CF3Br. These calculations indicate that the
threshold for thermal stability of these fluorocarbons should be
substantially decreased in mixtures with air. For example, the
measured temperature threshold for thermal decomposition of

Fig. 6. Integrated overall reaction pathways of C2F5H decomposition in flame (stoichiometric mixture, 1 bar, 400 K); (b) Additional reaction pathways for consumption of CF2

and CF3 radicals (decomposition reactions are denoted by ‘‘D’’; contributions of different reaction channels are shown in parenthesis as a percent of overall species
consumption rate).

2 3

4 

5 

6

7

Fig. 7. Temperature dependence of ignition delay for stoichiometric air mixtures of
CF3Br (1), CF3I (2), CF3H (3), C2F5H (4), C3H8 (5), C3F7H (6) and C3F7COC2F5 (7) at
1 bar.
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pure C3F7H, is approximately in the range 900–950 K [50], con-
versely the experimentally observed threshold of C3F7H decompo-
sition in air was 500 �C, and decomposition of C3F7H was
practically complete at 700 �C (C3F7H volume fraction of 0.05 in
artificial air) [51].

The remarkably low values of ignition delays for C3F7H and
C3F7COC2F5 in comparison to propane and the small reaction times,
allow one to speculate that a sustainable detonation might be pos-
sible for these fluorinated compounds. In air mixtures, the heat re-
lease may be too low; however, in oxygen atmospheres, the energy
release is larger, and the ignition time is much lower (five times
lower for C3F7H at T0 = 1500 K and twenty times lower at
T0 = 1200 K). Also, in the oxygen atmosphere, the initial tempera-
ture drop observed in air mixtures is substantially reduced.

4. Conclusions

Recent FAA (and other) tests have indicated that various fire
suppression agents sometimes appear to enhance combustion.
Consequently, to understand the phenomena, we have computa-
tionally studied the combustion properties of pure halogenated fire
suppressant agents (CF3H, C2F5H, C3F7H, C3F7COC2F5) in stoichiom-
etric proportions with air. The adiabatic combustion temperature
for the fluorinated agents is found to be 1669–1823 K, which is
lower than that for hydrocarbons with air, but still in the range
for which hydrocarbons are flammable. The calculated ignition de-
lay for the initial temperature range (1000 K < T0 < 1700 K) is pre-
dicted to be substantially shorter for several of the agents then
for propane. Mixtures of the fluorinated agents with air demon-
strate decreased thermal stability in comparison to the agent itself.
A rough estimate of self-ignition temperature for CF3Br agrees rea-
sonably well with experimental data [19].

The calculated burning velocities are in the range of 0.37–
2.5 cm/s at an initial temperature of 400 K (CF3H, C2F5H, C3F7H,
C3F7COC2F5). Hence, under certain conditions the mixtures of these
compounds with air may be engaged in a self-sustained, exother-
mic reaction. For example, for systems in which the residence time
is very long [14], exothermic reaction of mixtures even with low
overall reaction rate (i.e., burning velocities) must be considered
[16]. While it has been demonstrated previously [8–10,14,16] that
HFC agents can augment the heat release when added to the air
steam in a hydrocarbon fire, the present results indicate that it is
possible for the pure agents themselves, in combination with
slightly preheated air, to have measurable burning velocities. In fu-
ture work, it would be of interest to measure the burning velocities
of the pure agents with air, and to determine the practical condi-
tions under which the potential flammability of these agents
may be of significance.

Acknowledgments

Helpful discussions with Don Burgess are gratefully acknowl-
edged. The work was supported by the Boeing Company.

References

[1] H. Ohtani, in: Proceedings of Second NRIFD Symposium, Tokyo, Japan, 2002,
pp. 283–289.

[2] Yu.N. Shebeko, V.V. Azatyan, I.A. Bolodian, V.Y. Navzenya, S.N. Kopylov, D.Y.
Shebeko, E.D. Zamishevski, Combust. Flame 121 (2000) 542–547.

[3] V.V. Azatyan, Yu.N. Shebeko, A.Y. Shebeko, V.Y. Navtsenya, Russ. J. Phys. Chem.
B 4 (2010) 760–768.

[4] S. Kondo, K. Takizawa, A. Takahashi, K. Tokuhashi, A. Sekiya, Fire Saf. J. 44
(2009) 192–197.

[5] G. Gmurczyk, W.L. Grosshandler, Proc. Combust. Inst. 25 (1994) 1497–1503.
[6] G. Gmurczyk, W.L. Grosshandler, Suppression of High Speed Turbulent Flames

in a Detonation/Deflagration Tube, NISTIR 5642, NIST, Gaithersburg, MD, 1995.
[7] A. Hamins, P. Borthwick, Combust. Flame 112 (1998) 161–170.

[8] G. Holmstedt, P. Andersson, J. Andersson, in: Fire Safety Science – Proceedings
of the Fourth International Symposium, Int. Assoc. of Fire, Safety Science, 1994,
pp. 853–864.

[9] V.R. Katta, F. Takahashi, G.T. Linteris, Combust. Flame 144 (2006) 645–661.
[10] F. Takahashi, G.T. Linteris, V.R. Katta, O. Meier, Proc. Combust. Inst. 34, in press.
[11] E.A. Ural, Process Saf. Prog. 22 (2003) 65–73.
[12] Y.A. Lisochkin, V.I. Poznyak, Combust. Expl. Shock Waves 41 (2005) 504–509.
[13] D. Blake, T. Marker, R. Hill, J.W. Reinhardt, C. Sarkos, Cargo Compartment Fire

Protection in Large Commercial Transport Aircraft, DOT/FAA/AR-TN98/32,
Federal Aviation Administration, 1998.

[14] J.W. Reinhardt, Behavior of Bromotrifluoropropene and Pentafluoroethane
When Subjected to a Simulated Aerosol can Explosion, DOT/FAA/AR-TN04/4,
Federal Aviation Administration, Washington, DC, 2004.

[15] G.T. Linteris, V.I. Babushok, P.B. Sunderland, F. Takahashi, V. Katta, O. Meier,
Proc. Combust. Inst., in press.

[16] G.T. Linteris, D.R. Burgess, F. Takahashi, V.R. Katta, H.K. Chelliah, O. Meier,
Combust. Flame 159 (2012) 1016–1025.

[17] G.T. Linteris, J.A. Manion, D.R. Burgess, I.A. Awan, P.B. Sunderland, J. Pagliaro,
Understanding Unwanted Combustion Enhancement by Potential Halon
Replacements, Report, National Institute of Standards and Technology,
Gaithersburg, MD, 2011.

[18] Y.A. Lisochkin, V.I. Poznyak, Combust. Expl. Shock Waves 37 (2001) 27–29.
[19] Fire and Explosion Safety of Compounds and Materials, and Fire Suppression

Means, in: A.N. Baratov, A.Y. Korolçhenko (Eds.), Reference Handbook,
Publishing House ‘‘Khimiya’’, Moscow, 1990 (in Russian).

[20] Material Safety Data Sheet – R-123, National Refrigerant Inc., Bridgeton, NJ,
December, 2008.

[21] V. Babushok, T. Noto, D.R.F. Burgess, A. Hamins, W. Tsang, Combust. Flame 107
(1996) 351–367.

[22] V.I. Babushok, K.L. McNesby, A.W. Miziolek, R.R. Skaggs, Combust. Flame 133
(2003) 201–205.

[23] G.P. Smith, D.M. Golden, M. Frenklach, N.W., Moriarty, B. Eitener, M.
Goldenberg, C.T. Bowman, R.K. Hanson, S. Song, W.C. Gardiner Jr., V.V.
Lissianski, Z. Qin, GRI-Mech 3.0, 2000. <http://www.me.berkeley.edu/
gri_mech>.

[24] D.R. Burgess, M.R. Zachariah, W. Tsang, P.R. Westmoreland, Prog. Energy
Combust. Sci. 21 (1995) 453–529.

[25] R.J. Kee, J.F. Grcar, M.D. Smooke, J.A. Miller, A Fortran Computer Program for
Modeling Steady Laminar One-Dimensional Premixed Flames, SAND85-8240,
Sandia National Laboratories, 1991.

[26] SENKIN: A Fortran Program for Predicting Homogeneous Gas Phase Chemical
Kinetics with Sensitivity Analysis, SAND87-8248, Sandia National
Laboratories, Livermore, CA, 1988.

[27] R.J. Kee, F.M. Rupley, J.A. Miller, CHEMKIN-II: A Fortran Chemical Kinetics
Package for the Analysis of Gas Phase Chemical Kinetics, SAND89-8009B,
Sandia National Laboratory; 1989.

[28] R.J. Kee, G. Dixon-Lewis, J. Warnatz, R.E. Coltrin, J.A. Miller, A Fortran Computer
Package for the Evaluation of Gas-Phase, Multicomponent Transport
Properties, SAND86-8246, Sandia National Laboratory, 1986.

[29] D.R. Burgess, XSenkplot, An Interactive Graphics Postprocessor for Numerical
Simulations of Chemical Kinetics, National Institute of Standards and
Technology, Gaithersburg, MD, 1997.

[30] A. Edgerton, J. Powling, Proc. R. Soc. A193 (1948) 190–209.
[31] A.I. Rozlovski, Basics of Fire Safety of Chemical Processes, Khimiya, Moscow,

1980 (in Russian).
[32] D.B. Spalding, Proc. R. Soc. London 240A (1220) (1957) 83–100.
[33] Z.H. Chen, S.H. Sohrab, Combust. Flame 102 (1995) 193–199.
[34] C.K. Law, F.N. Egolfopoulos, Proc. Combust. Inst. 24 (1992) 137–144.
[35] R.A. Strehlow, Combustion Fundamentals, McGraw Hill, New York, 1984.
[36] F. Takahashi, G.T. Linteris, V.R. Katta, Proc. Combust. Inst. 33 (2011) 2531–

2538.
[37] X.J. Gu, M.Z. Haq, M. Lawes, R. Woolley, Combust. Flame 121 (2000) 41–58.
[38] T. Iijima, T. Takeno, Combust. Flame 65 (1986) 35–43.
[39] J. Jarosinski, Combust. Flame 56 (1984) 337–342.
[40] T. Noto, V. Babushok, D.R.F. Burgess, A. Hamins, W. Tsang, A.W. Miziolek, Proc.

Combust. Inst. 26 (1996) 1377–1383.
[41] G.T. Linteris, D.R. Burgess, V. Babushok, M. Zachariah, W. Tsang, P.

Westmoreland, Combust. Flame 113 (1998) 164–180.
[42] K. Takizawa, A. Takahashi, K. Tokuhashi, S. Kondo, A. Sekiya, Combust. Flame

141 (2005) 298–307.
[43] M. Sibulkin, A. Frendi, Combust. Flame 82 (1990) 334–345.
[44] Y. Ju, G. Masuya, P.D. Ronney, Proc. Combust. Inst. 26 (1998) 2619–2626.
[45] A. Abbud-Madrid, P.D. Ronney, AIAA J 31 (1993) 2179–2181.
[46] K. Takizawa, K. Tokuhashi, S. Kondo, J. Hazard. Mater. 172 (2009) 1329–1338.
[47] C.K. Westbrook, Proc. Combust. Inst. 19 (1982) 127–141.
[48] H. Wang, X. You, K.W. Jucks, S.G. Davis, A. Laskin, F. Egolfopoulos, C.K. Law, USC

Mech Version II. High-Temperature Combustion Reaction Model of H2/CO/C1-
C4 Compounds, 2007. <http://ignis.usc.edu/USC_Mech_II.htm>.

[49] D.A. Frank-Kamenetskii, Diffusion and Heat Transfer in Chemical Kinetics,
Plenum Press, 1969.

[50] Y.H. Hu, Y.B. Xu, T.F. Wang, C.H. Wang, S.F. Li, J. Anal. Appl. Pyrolysis 90 (2011)
27–32.

[51] T. Yamamoto, A. Yasuhara, F. Shiraishi, K. Kaya, T. Abe, Chemosphere 35 (1997)
643–654.

V.I. Babushok et al. / Combustion and Flame 159 (2012) 3569–3575 3575


