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Abstract: Apparent combustion enhancement by some halon replacement fire suppressants (proposed for use in 

aircraft cargo bays) has been observed in full-scale, constant-volume tests at the FAA.  In order to explore the 

phenomena, laboratory-scale constant-volume combustion experiments were performed.  The maximum explosion 

pressure and burning velocity were measured for methane-air flames with added CF3Br (Halon 1301), C6F12O 

(Novec 1230), C3H2F3Br (2-BTP), and C2HF5 (HFC-125).  The explosion pressure, for initially stoichiometric 

flames, was increased mildly (up to 11% and 6%) with C6F12O and C2HF5 added at low concentrations, while at lean 

conditions (Φ=0.6), it was increased about 50% for added C6F12O, C3H2F3Br, or C2HF5, at agent volume fractions 

Xa=0.02, 0.03, and 0.06.  The burning velocity for initially stoichiometric flames was always decreased with 

addition of any of the agents, whereas, for the lean conditions, it increased with added C6F12O or C2HF5 (32% and 

14%, at Xa=0.01 and 0.03).  Burning velocities at higher initial pressure (3 bar) and temperature (400 K) showed 

lower inhibition effectiveness (than at ambient conditions) for the stoichiometric flames, and larger enhancement for 

the lean flames (and the effect was due primarily to the temperature increase).  CF3Br did not increase the explosion 

pressure or burning velocity for any of the tested conditions.  Equilibrium calculations were used to interpret the 

experiments.  The present work is consistent with the FAA results and previous analysis of the full-scale tests. 
Keywords: Fire suppression, aircraft cargo bay fire protection, halon replacement, CF3Br 

 

1. Introduction 

Halon 1301 (CF3Br) is an effective fire suppressant that has been banned for use in most 

applications by the Montreal Protocol. Additionally, the European Union is requiring 

replacement of CF3Br in newly constructed aircraft by 2018 and in existing aircraft by 2040.  As 

a result of the expected phase-out, three potential drop-in halon replacements were tested by the 

Federal Aviation Administration (FAA) for use in cargo bays; unfortunately, all of the agents 

failed the FAA Aerosol Can Test (FAA-ACT).  The test simulates the explosion of an aerosol 

can caused by a fire in the cargo bay.  In the FAA-ACT, air and suppressant are premixed in a 

simulated cargo bay compartment (a pressure vessel, 11.4 m
3
 in volume), in which a fast-acting 

valve releases the simulated can contents (a two-phase spray of alcohol, propane, and water) past 

a continuous high-voltage DC arc.  In the absence of suppressant, the pressure rise in the 

chamber is about 2 bar.  Through repeated tests at different agent volume fractions Xa, the 

inerting concentration of an agent is determined as the value of Xa required to prevent significant 

pressure rise.  The standard also requires that an agent, when added at sub-inerting 

concentrations, cannot produce a higher pressure rise than the uninhibited case.  All of the agents 

tested (C6F12O, Novec 1230, FK-5-1-12, CF3CF2C(=O)CF(CF3)2; C3H2F3Br, 2-BTP, 
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CH2CBrCF3; and C2HF5, CHF2CF3, HFC-125), failed this element of the test, whereas CF3Br did 

not [1, 2].   

Experimental and numerical investigations of laboratory flames have described enhanced 

combustion with addition of halogenated suppressants, as outlined in ref. [3].  The phenomena 

include increased total heat release, widened lean flammability limits, decreased ignition delay, 

and increased pressure rise.  Most of the early work documented the effects, but did not analyze 

the causes.  In more recent work [3-9], numerical combustion simulations have been applied to 

gain insight using recently developed (or updated) kinetic mechanisms [10-13].  The studies have 

concluded that exothermic reaction of the fire suppressants adds energy to the constant volume 

system, increasing the overpressure.  To obtain the observed pressure rise in the FAA-ACT, 

agent reaction is shown to occur under very fuel-lean equivalence ratios (Φ, based on the aerosol 

can fuel only), nearly corresponding to pure agent and air.  Kinetic calculations have indicated 

that adding agents to fuel-lean flames can increase not only the energy release, but the rate of 

reaction as well. Nonetheless, no laboratory-scale experiments have been conducted to validate 

the explanations or to explore the combustion enhancement observed in the FAA tests for the 

new agents C6F12O and C3H2F3Br (and experiments  for C2HF5 are limited [14, 15]). 

In the present work, the agents used in the FAA-ACT (CF3Br, C6F12O, C3H2F3Br, and 

C2HF5) are added at various sub-inerting concentrations to stoichiometric and lean methane-air 

flames in a laboratory-scale constant-volume chamber to determine their influence on the 

maximum pressure rise and burning velocity. The effects of compressive heating on the burning 

velocity are also determined.  The goals of the present work are to test the concepts developed 

via numerical simulations and analysis of the FAA tests [3, 4, 7] and to reproduce the 

phenomena observed in the complex full-scale FAA experiments. 

2. Experimental 

2.1. Apparatus and Procedure 

Experiments are performed in a spherical, constant-volume apparatus with an inner 

diameter of 15.24 cm, volume of 1.85 L, and wall thickness of 2.54 cm (similar to previous 

designs [16-18]).  Sensors include an absolute pressure gage, a dynamic pressure sensor, and a 

thermocouple, so that the experiment can provide directly the temperature rise and explosion 

pressure. Further processing of the pressure data yields the instantaneous laminar burning 

velocity (1-D spherical) as a function of pressure and temperature.  

The experimental method is similar to past work [19], therefore only a brief description is 

provided.  We prepare test mixtures in the chamber using the partial pressure method, first with 

injection of liquid followed by gaseous reactants. The partial pressure of each mixture 

component is determined with an absolute pressure transducer (Omega, PX811; claimed 

accuracy of 0.1% of reading) that is periodically calibrated against a Baratron 627D (claimed 

accuracy of 0.12%) and a Wallace & Tiernan 1500 pressure gage (claimed accuracy of 0.066%).  

Liquid suppressants (C6F12O and C3H2F3Br) are injected using a syringe via a gas-tight septum 

(which is separated from the chamber by a ball valve to ensure leak-free operation during the 

explosion event).  The sample gases are CH4 (Matheson Tri-Gas, 99.97% purity), CF3Br (Great 

Lakes Chemical Corp., 99.6% purity), C6F12O (3M, > 99% purity), C3H2F3Br (American Pacific 

Corp., > 99% purity), and C2HF5 (Allied Signal Chemicals, 99.5% purity). The air is house 

compressed air (filtered and dried) that is additionally conditioned with a 0.01 µm filter, carbon 

filter, and a desiccant bed to remove small aerosols, organic vapors, and water vapor before use. 
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The relative humidity of the air is less than 2% for all tests.  The reactant mixture is given 10 

minutes to settle before combustion is initiated using a capacitive discharge ignition system 

(described in further detail in ref. [19]) that provides a controlled spark with an estimated energy 

range of 0.05-500 mJ.  Two tungsten electrodes form an adjustable gap (typically 2 mm) in the 

center of the chamber, and thin electrodes (diameter of 0.4 mm) ensure minimal heat loss from 

the flame.  The explosion pressure is recorded at 4000 Hz using a dynamic pressure sensor with a 

claimed accuracy of 0.1% of reading. 

2.2. Burning Velocity from the Pressure Trace 

Laminar burning velocity is determined from the pressure trace using a thermodynamic 

model that is summarized briefly below, with more details available in ref. [19].  The contents of 

the chamber are divided into burned and unburned zones separated by an infinitely thin flame 

sheet.  Flame propagation is assumed to be spherical and smooth, creating a spatially uniform 

pressure rise.  All gases are considered ideal and semi-perfect (variable specific heats), with the 

unburned gas frozen at its initial composition, and the burned gas composition represented by 

thermodynamic equilibrium products of a constant volume, constant energy process (calculated 

using CEA2 [20]).  Both zones are adiabatic, and the unburned gas is compressed isentropically 

as the flame expands. With these assumptions, the laminar burning velocity 𝑆𝐿 is expressed in 

terms of known variables in Eq. 1 (more details in refs. [16, 21]), 

𝑆𝐿 = 𝑅/3[1 − (1 − 𝑥𝑏)(𝑃0/𝑃)
1/𝛾𝑢]

−2/3
(𝑃0/𝑃)

1/𝛾𝑢(𝑑𝑥𝑏/𝑑𝑡)  (1) 

where 𝑅 the chamber radius, 𝑥𝑏 the mass fraction of burned gas, 𝑃 the instantaneous pressure, 𝑃0 

the initial pressure, and 𝛾𝑢 the specific heat ratio of the unburned gases.  The thermodynamic 

model relates the mass fraction of burned gas xb to the instantaneous pressure P.  The mass and 

energy conservation equations are solved simultaneously for the chamber contents (burned and 

unburned gases), using Eqs. 2 and 3. 

𝑉

𝑀
= ∫ 𝑣𝑏𝑑𝑥

𝑥𝑏
0

+ ∫ 𝑣𝑢𝑑𝑥
1

𝑥𝑏
              (2) 

𝐸

𝑀
= ∫ 𝑒𝑏𝑑𝑥

𝑥𝑏
0

+ ∫ 𝑒𝑢𝑑𝑥
1

𝑥𝑏
              (3) 

where V is the chamber volume and 𝐸 and M are internal energy and mass of the initial contents, 

e and v are the internal energy and specific volume of the gas, and the subscripts b and u refer to 

the burned and unburned gas.  

Polynomial coefficients (for the major reactant and product species) are taken from GRI-

mech 3.0 [22] (CH4, O2, N2, CO2, H2O, CO, NO, OH, H2, and O), the NIST HFC mechanism 

[10] (C6F12O, C2HF5, F, HF, CF4, and CF2O), and Babushok et al. [11] (CF3Br, C3H2F3Br, Br, 

HBr, and Br2) to describe the thermodynamic properties of the burned and unburned gas.  The 

instantaneous unburned gas temperature is related to the pressure through isentropic 

compression.  The unburned gas properties vu and eu in Eqs. 2 and 3 are calculated at each 

pressure increment from the unburned gas composition and temperature Tu, reducing the model 

to two equations and two unknowns (Tb and xb).  The remaining unknowns in the conservation 

equations (vb, eb, and xb) are found using a non-linear optimization routine that iterates on Tb (vb 

and eb are functions of temperature) and xb at each pressure increment, until the proper values of 

Tb and xb are obtained.  Once 𝑥𝑏(𝑃) is known, the burning velocity 𝑆𝐿(𝑃, 𝑇𝑢) is determined over 

the experimental range of pressure and temperature using Eq. 1. 
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2.3. Data Reduction 

     When the flame radius rf is small, the flame propagation rate can be affected by flame 

stretch and by excess energy deposited during the ignition process; whereas when rf is large, 

flame propagation can be affected by heat loss to the chamber walls. Therefore, only a portion of 

the pressure data from each experiment is used (typically the central 75%) to calculate burning 

velocity in the present study.  As expressed in Eq. 4, outwardly propagating spherical flames are 

subject to stretch rates that are inversely proportional to rf  [23], 

𝜅 =
2

𝑟𝑓

𝑑𝑟𝑓

𝑑𝑡
               (4) 

where 𝜅 is the stretch rate and 𝑑𝑟𝑓/𝑑𝑡 is the flame front velocity.  The effects of stretch and 

ignition are reduced by neglecting data when the flame radius rf is less than 50% of the chamber 

radius R, as proposed by Elia [24].  Additionally, only data up to dP/dtmax (i.e., the inflection 

point on the P(t) curve) are considered, eliminating data affected by heat loss to the walls.    

The pressure data from an individual test are used to determine the burning velocity at 

each combination of unburned gas pressure and temperature occurring during the test.  Tests are 

performed at 𝑇0=296±2 K, and at 𝑃0=0.868 bar, 1 bar, and 1.13 bar to increase the number of 

combinations.  The results of multiple tests (repeated twice for each initial pressure) are fit to Eq. 

5 [33] to decouple the influences of pressure and temperature on SL,   

𝑆𝐿 = 𝑆𝐿,0 (
𝑇

𝑇0
)
𝛼

(
𝑃

𝑃0
)
𝛽

           (5) 

where 𝑆𝐿 is the laminar burning velocity, 𝑃0 is the initial pressure, 𝑇0 is the initial temperature, 

𝑆𝐿,0 is the laminar burning velocity at the initial conditions; 𝛼, 𝛽, and 𝑆𝐿,0 are the fitting 

parameters.  In discussions following, SL is presented at ambient conditions (P=1 bar; T=298 K) 

and elevated conditions (P=3 bar; T=400 K) as obtained from Eq. 5. Note that the presented 

results are interpolations, or small extrapolations, from the experimental data.  As determined 

previously [19], the relative uncertainty in reported burning velocities is 6%. 

Spherical flame propagation is a critical condition for reliable calculation of SL from the 

pressure trace.  For slower flames (i.e., inhibited flames) with long propagation times, buoyant 

forces are not negligible; therefore, to reduce experimental inaccuracies, only flame speeds that 

are greater than 6 cm/s are reported, as recommended by ref. [18].  Cellular instabilities, which 

also invalidate the spherical flame assumption, are monitored through inspection of the SL data of 

individual test runs. The onset of cellular instabilities is detected via a distinct increase in the 

burning velocity [25], which did not occur in any of the data contained in the present study.  

3. Results and Discussion 

3.1. Peak Pressure Rise 

The maximum pressure rise of methane-air explosions in a closed vessel was determined 

with addition of CF3Br, C6F12O, C3H2F3Br, and C2HF5 (T0=296±2 K, P0= 1 bar).  Agents were 

added to stoichiometric flames and lean flames with a fuel-air equivalence ratio Φ of 0.6 (Φ 

based on uninhibited mixtures, i.e., when an agent is added, proportional quantities of methane 

and air are displaced).  Figure 1 shows the results for the stoichiometric and lean systems.  The 

peak pressure rise ΔPmax from experiments is shown, along with the calculated equilibrium ΔPmax 

and adiabatic temperature Tad (calculated using CEA2, for a constant internal energy, constant 

volume system).  The line style (and color) denoting the results for each agent are defined via the 
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experimental curves, and the assignment is preserved for the two sets of equilibrium curves.  For 

reference, the uninhibited stoichiometric system has Tad=2599 K and ΔPmax=7.94 bar at 

equilibrium.  Adding CF3Br decreases Tad, whereas adding any of the other agents slightly 

increases Tad (≈2612 K) at low Xa, and then decreases it as Xa increases, with the larger inhibitor 

molecules decreasing Tad more.  The observed increases in Tad are comparable to the increase 

that occurs from stoichiometric to slightly rich conditions in methane-air systems (peak 

Tad=2615K at Φ=1.07). 

 

Figure 1: Pressure rise (left scale) and adiabatic temperature (right scale) in constant-volume 

combustion sphere with agents added to methane-air flames (Φ=1.0, left frame, Φ=0.6, right 

frame).  Lines: equilibrium calculations; lines with symbols: experiments. 

For the stoichiometric case (left frame in Figure 1), the equilibrium pressure (lines with 

no symbols) increases with addition of each agent, including CF3Br, up to a certain value of Xa, 

then drops for higher Xa.  The value of Xa controlling this behavior is related to the halogen X to 

hydrogen H ratio [X]/[H] in the premixed gases, which is equal to unity for CF3Br, C6F12O, 

C3H2F3Br, and C2HF5 at Xa=0.09, 0.03, 0.16, and 0.09 (as indicted by the vertical lines at the top 

of the figure). Since Xa for [X]/[H]=1 is off the figure when adding CF3Br, C3H2F3Br, and C2HF5 

to the stoichiometric case, the equilibrium ΔPmax increases continuously.  The increase in ΔPmax 

is caused by the increase in the number of moles of products, which overrides the lower values of 

Tad with agent addition.  For Xa above [X]/[H]=1, the equilibrium products change (formation of 

COF2 rather than HF, as a fate for F), so the number of moles of product decreases, reducing 

ΔPmax.  As with Tad, the equilibrium value of ΔPmax is higher for larger molecules (at least at low 

values of Xa), but they reach [X]/[H]=1 at different values of Xa, which dominates their behavior.  

With agent added to these stoichiometric flames, C6F12O, C3H2F3Br, and C2HF5, have a 

maximum equilibrium pressures rise 2 bar, 1.5 bar, and 0.6 bar higher than with no agent, 

occurring at Xa=0.03, 0.07, and 0.04.  Note that the equilibrium ΔPmax is relatively insensitive to 

Xa for C3H2F3Br, and that calculations show an increase in ΔPmax even for addition of CF3Br.   

As shown in Figure 1 (again for Φ=1), the experimentally determined ΔPmax of all agents 

is less than the equilibrium value.  For example, the uninhibited stoichiometric methane-air 
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system has an experimental ΔPmax=7.2 bar, which is close to ΔPmax= 7.3 bar measured by ref. 

[26] and about 9% lower than the equilibrium value. To some extent, the experimental values of 

ΔPmax with added agent follow the trends in the equilibrium values, although the experimental 

ΔPmax rises more slowly than the equilibrium value, before eventually dropping rapidly.  This can 

be caused by flame quenching (from heat losses at the wall [27] or from buoyancy [28]), by 

radiative heat loss, and (for these initially stoichiometric flames) by kinetic quenching of the 

flame reactions.  While it is possible to define an extent of reaction λ based on the ratio of 

measured to equilibrium ΔPmax [27], this is of limited value in the present work since the effects 

interact: slower burning velocities (with inhibitor) allow more time for buoyancy to act, and 

buoyancy-induced quenching lowers the temperature (and hence the overall reaction rate), which 

can also  affect the kinetic inhibition.  Also, the effects are likely to depend upon the size of the 

sphere and degree of turbulence [29] (which are different in the FAA-ACT test).  Note that while 

equilibrium calculations predict enhanced pressure rise with CF3Br and C3H2F3Br, both have 

none, and have much reduced pressure rise as Xa increases (likely due to kinetic inhibition by the 

bromine [13]). For addition to stoichiometric flames, C6F12O and C2HF5 increase the 

experimental ΔPmax by 11% and 6%, at Xa=0.02 and Xa=0.03.   

Results for lean methane-air mixtures (Φ=0.6) are shown in the right frame of Figure 1.  

For reference, the equilibrium adiabatic temperature and pressure rise for an uninhibited 

methane-air mixture at Φ=0.6 are 2031 K and 5.89 bar. With agent added to these lean flames, 

C6F12O, C3H2F3Br, and C2HF5, have peak Tad which are 331 K, 589 K, and 473 K higher than the 

uninhibited case, occurring at Xa=0.025, 0.035, and 0.055 (for C3H2F3Br, the peak value of Tad is 

20 K higher than that of the uninhibited stoichiometric methane-air flame, while for C2HF5 and 

C6F12O it’s about 100 K and 140 K lower).  The increase in Tad is due to the higher enthalpy of 

formation of the reactant mixture, and the stable product species (e.g., CO2, HF, etc.); that is, 

with regard to the thermodynamics, the agents have fuel-like properties.  In contrast, Tad 

decreases by roughly 5 K for every 1% of added CF3Br.  For the pressure rise, the equilibrium 

results again show an increase in ΔPmax with addition of each agent, reaching a peak near the Xa 

for which [X]/[H]=1 (at Xa≈0.06, 0.02, 0.11, and 0.055 for CF3Br, C6F12O, C3H2F3Br, and 

C2HF5).  For Φ=0.6, however, both the relative and absolute pressure rise are much bigger than 

for Φ=1, with equilibrium ΔPmax increasing by nearly 50% with addition of C6F12O, C3H2F3Br, 

or C2HF5.  In the experiments, the pressure rise was again always lower than the equilibrium 

value (i.e., λ<1).  For example, for Xa=0, ΔPmax was 3.35 bar, or 43% lower than the equilibrium 

value, or λ=0.57, which is much lower than the case of Φ=1 and Xa=0, for which λ=0.91 (as 

discussed previously [28], slower flames are more strongly influenced by buoyancy-induced 

quenching).  With addition of the agents, however, the behavior for Φ=0.6 is different from that 

for Φ=1.  For the lean flames, λ often increases as Xa increases, as compared to the Φ=1 case for 

which λ decreases.  With regard to the peak experimental pressure rise, addition of C6F12O, 

C3H2F3Br, or C2HF5 yielded a ΔPmax of 7.36 bar, 5.81 bar, or 6.96 bar, at Xa of 0.02, 0.03, or 

0.06.  These values are 2.2, 1.7, and 2.1 times the ΔPmax for the uninhibited system (3.35 bar).  In 

contrast, addition of CF3Br at Xa=0.005 extinguished the flame just after ignition, yielding 

ΔPmax=0.22 bar. 

The results for the explosion pressure in the 1.85 L chamber (for Φ=0.6) clearly illustrate 

the combustion enhancement of the type observed in the FAA-ACT [1], whereas results for Φ=1 

do not adequately duplicate the behavior.  Hence, reduced-scale explosion vessels, used to 

evaluate lean fuel-air systems, are a valuable tool for understanding the FAA-ACT results; for 

example, the measurements of ΔPmax highlight the increased heat release occurring with addition 
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of the halon replacements to the lean system.  More than just the higher explosion pressure with 

added agent, however, the higher extent of reaction with added agent (in the Φ=0.6 case) implies 

a higher burning velocity with agent addition to the lean flames.  To more clearly investigate this 

possibility, the burning velocity is calculated from the pressure rise data (as described above) to 

more clearly delineate the effect of the agents on the overall reactivity of the system. 

3.2. Laminar Burning Velocity 

The laminar burning velocity was measured for the stoichiometric (Φ=1) and lean 

(Φ=0.6) methane-air flames with added agents.  Initial conditions were T0=296±2 K, 

and P0=0.868 bar, 1 bar, and 1.13 bar, (to provide more data for the curve fit).  For each agent, 

tests were conducted up to values of Xa for which SL≈6 cm/s (since buoyant distortion has been 

found to be minimal for SL≥6 cm/s).  For each value of Φ and Xa, tests were conducted at the 

three values of P0, providing the fitting parameters 𝑆𝐿,0, 𝛼, and 𝛽 in Eq. 5 above.  The burning 

velocity of the inhibited flames for each of the agents is presented in Figure 2 (Φ=1, left frame; 

Φ=0.6, right frame) as the normalized burning velocity (for a given Φ and agent, SL at Xa is 

divided by SL with Xa=0). For reference, uninhibited burning velocities are 35.8, 8.3, 44.5, and 

10.0 cm/s for Φ=1.0 and 0.6 at ambient conditions (298 K, 1 bar) and compressed conditions 

(400 K, 3 bar), respectively.  Results for each agent are illustrated with different style symbols; 

closed and open symbols represent data at standard and compressed conditions. 

 

Figure 2: Normalized burning velocity with agents added to CH4-air flames (Φ=1.0, left frame; 

Φ=0.6, right frame).  Dashed lines: P0=1 bar, T0=298 K; dotted lines: P0=3 bar, T0=400 K.  

As Figure 2 shows, for stoichiometric flames, adding each agent reduces SL at all values 

of Xa, with a decreasing marginal effectiveness at higher Xa, as has been discussed previously 

[30].  On a molar basis, C6F12O requires 1/2 as much as C2HF5 for a comparable reduction in SL, 

and C3H2F3Br, about 1/3 as much.  The performance of C3H2F3Br and CF3Br are roughly 

equivalent (on a molar basis), although CF3Br is slightly more effective for Xa<0.01, and 

C3H2F3Br for Xa>0.01.  This is consistent with cup burner results (heptane) [31, 32] for which 

C3H2F3Br was found to have a lower minimum extinguishing concentration (2.6%) than CF3Br 
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(2.9%), and C6F12O required roughly 50 % more than CF3Br (4.5%). Comparison of the results 

at ambient (T0=298 K, P0=1 bar) vs. compressed (T0=400 K, P0=3 bar) conditions shows that 

while the compressed flames have an uninhibited value of SL about 14% higher, the reduction in 

normalized SL with added agents is about 2% less for the compressed flames than for the ambient 

flames at low values of Xa, and 4% less at high values of Xa. This can be compared to flame 

inhibition by CO2, for which the calculated normalized reduction in SL at T0=353 K as compared 

to T0=298 K was 8%, 4%, and 0.3% lower at Xa= 0.03, 0.07, and 0.15 [33].  That is, for these 

initially stoichiometric flames, these changes in the unburned gas conditions do not appear to 

significantly affect the inhibition kinetics of these agents. 

For the lean (Φ=0.6) flames, the effects of added agents on SL are different than at Φ=1.  

For T0=298 K, C6F12O and C2HF5 increase SL by 32% and 13% at Xa=0.01 and 0.03.  That is, 

with C6F12O or C2HF5 added to lean flames of methane–air, the mixture becomes more reactive, 

with significantly increased burning velocity: SL is increased for all values of Xa up to about 

0.025 for C6F12O, and 0.065 for C2HF5.  In contrast, with CF3Br addition to the lean flame (at 

Xa=0.005), the mixture was not flammable when subject to the highest available ignition energy. 

(The dashed line in the right frame of Figure 2 is included to illustrate the inerting nature of 

CF3Br at Xa=0.005 and is not intended to provide SL values between those measured at Xa=0 and 

Xa=0.005.)  The results for C3H2F3Br are intermediate between those of CF3Br and the other 

agents: for Xa=0.01, SL decreases by 30%, but as Xa increases, SL increases so that at Xa=0.02 and 

0.03, SL is only about 10% lower than the uninhibited flames.  Note that with C3H2F3Br addition 

to the lean flame, the measured SL is never higher than with no agent.  Apparently, the gas-phase 

catalytic radical recombination cycles of brominated species have a larger inhibition effect in the 

present flames than the promotion effect of the agent due to the increased temperature [13].  

With C6F12O addition, SL drops rapidly above Xa=0.02, and with C2HF5 addition, it drops slowly 

above Xa=0.03.  At the compressed condition, the peak enhancement in SL with addition of 

C6F12O and C2HF5 is larger by 47% and 24%, while the decrease in SL with C3H2F3Br addition is 

less.  (Note that from the fitting parameters of Eq. 5, the effect of compression is primarily 

caused by higher temperature, not pressure, which has a small effect for the present range of 

variation in T and P.) 

The present results illustrate that when added to lean premixed methane-air flames at low 

concentrations, the agents C6F12O and C2HF5 actually increase the burning velocity, and for 

C3H2F3Br addition, the burning velocity is reduced slightly (about 10% at Xa=0.02 or 0.03).  

These results, together with the measured higher explosion pressures in the presence of these 

agents, are consistent with the higher overpressures in the FAA-ACT.  Under lean conditions in 

the FAA-ACT, exothermic reaction of the agent creates higher overpressure than with no agent, 

and apparently the reaction rate is not sufficiently slowed (or is actually increased) with agent 

addition, so as to reduce the overpressure.  In contrast, addition of CF3Br both reduces the 

reaction rate for all stoichiometries, and causes no increase in the explosion pressure. These 

principles were predicted in numerical simulations, but the present results are experimental 

verification of the principles previously outlined [3, 4, 7, 9], and the first to show increased flame 

speed of lean flames with added halon replacements.   

4. Conclusions 

Several potential halon replacements, for use in cargo-bay fire suppression, failed a 

mandated FAA performance test.  To help understand their behavior, experiments were 

performed in a constant-volume combustion device (premixed CH4-air system) to measure the 
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peak pressure rise and burning velocity resulting from addition of the agents (CF3Br, C6F12O, 

C3H2F3Br, and C2HF5). 

The influence of the agents on explosion pressure varied with agent type and 

concentration, as well as the initial stoichiometry of the methane-air mixture. For stoichiometric 

flames, addition of CF3Br or C3H2F3Br reduced the peak pressure rise at all agent loadings; while 

C6F12O and C2HF5 increased ΔPmax slightly at low loadings (Xa≤0.02 and 0.03), and reduced it at 

higher Xa.  In lean (Φ=0.6) flames, however, addition of C6F12O, C3H2F3Br, and C2HF5 all 

increased the pressure rise, with a peak pressure rise of about a factor of two above the 

uninhibited case, and occurring at agent loadings of 2% to 6%, depending upon the agent.  In 

contrast, CF3Br caused no increase in the ΔPmax at any condition. 

All agents were found to reduce burning velocity of stoichiometric methane-air flames at 

the concentrations tested.  CF3Br and C3H2F3Br caused similar flame speed reductions (about 

55% at Xa=0.01), with CF3Br slightly more effective at Xa=0.01 and below, and C3H2F3Br more 

effective above.  C6F12O and C2HF5 were about 2/3 and 1/3 as effective as CF3Br at reducing the 

burning velocity of stoichiometric flames.  For lean (Φ=0.6) methane-air flames at ambient 

initial temperature and pressure, addition of C6F12O and C2HF5 at sub-inerting concentrations 

increased the burning velocity by 32% and 13%.  That is, when added to lean flames, not only do 

they increase the explosion pressure, but they can also enhance the reactivity.  Addition of 

C3H2F3Br slightly decreased the burning velocity (for Xa≤0.03), while addition of CF3Br (at 

Xa=0.005) inerted the mixture.   

The data also provided burning velocities at compressed conditions (P0=3 bar, 

T0=400 K), for which agent addition to stoichiometric methane-air mixtures reduced the burning 

velocities slightly less than at ambient conditions (P0=1 bar, T0=298 K).  For the lean (Φ=0.6) 

mixtures, addition of C6F12O or C2HF5 increased the burning velocity (over uninhibited values) 

significantly (≈25-50%) more than for the ambient conditions.  Similarly, the reduction in the 

burning velocity with C3H2F3Br addition was reduced at the compressed condition.  The 

experimental data indicate that the stronger enhancement at compressed conditions is due almost 

entirely to the higher temperature, not pressure. 

In practice, when used to suppress fires, clean agents are typically added at 

concentrations high enough to extinguish the flames.  In the present tests (and as apparently 

occurs in the FAA Aerosol Can test), however, when some halon replacements are added to lean 

mixtures (in closed vessels) at sub-inerting concentrations, they can enhance both the pressure 

rise and rate of reaction.   
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