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Abstract 

The extinguishment of propane cup-burner flames by a halon-replacement fire-extinguishing agent 

C6F12O (Novec 1230) added to coflowing air in normal gravity has been studied computationally and 

experimentally.  The time-dependent, axisymmetric numerical code with a detailed reaction mechanism 

(up to 141 species and 2206 reactions), molecular diffusive transport, and a radiation model, is used to 

reveal a unique two-zone flame structure.  The peak reactivity spot (i.e., reaction kernel) at the flame base 

stabilizes a trailing diffusion flame, which is inclined inwardly by a buoyancy-induced entrainment flow.  

As the volume fraction of the agent in the coflow is increased gradually, the total heat release increases 

up to three times due to unwanted combustion enhancement by exothermic reactions to form HF and CF2O 

in the two-zone trailing flame; whereas at the base, the flame-anchoring reaction kernel weakens (the local 

heat release rate decreases) and eventually the flame blows off.  A numerical experiment, in which the 

C6F12O agent decomposition reactions are turned off, indicates that for addition of inert C6F12O, the 

maximum flame temperature decreases rapidly due to its large molar heat capacity, and the blow-off 

extinguishment occurs at ≈1700 K, a value identical to that for inert gases previously studied, while the 

reaction kernel is still burning vigorously.  The calculated minimum extinguishing concentrations of 

C6F12O in a propane flame are 4.2 % (with full chemistry), which coincides with the measured value of 

4.17 ± 0.30 %. 

Keywords:  Aircraft cargo-bay fire suppression; Halon 1301 replacement; Novec 1230; Diffusion 

flame stabilization; Reaction kernel 
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1 Introduction 

Research for the last two decades to find a replacement for the effective but ozone-destroying fire 

suppressant Halon 1301 (bromotrifluromethane, CF3Br) used in aircraft cargo-bays has made good 

progress; however, a replacement agent with all of the properties of CF3Br has not yet been identified.  

Unlike CF3Br, some replacement agents failed a mandated Federal Aviation Administration (FAA) 

Aerosol Can Explosion Test [1, 2] as they caused overpressures due to unwanted combustion enhancement, 

as has been reported in the literature [3-10].  Based on thermodynamic equilibrium and perfectly stirred-

reactor calculations for premixed systems, it was postulated [11-13] 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 [14,15] in these stirred-reactor 

systems since all reactants, intermediates, and products exist simultaneously.  In diffusion flames and most 

fires, however, the flame structure, i.e., the distributions of the temperature, species concentrations, and 

velocity, play decisive roles in the interactions between the inhibitor and the flame.  In turn, such 

interactions change the flame structure.  Therefore, there is an urgent need to study the effects of a potential 

halon replacement agent on the chemical structure and extinguishment mechanisms of diffusion flames. 

In previous papers [16-18], the results of full-chemistry computations of cup-burner flames with 

CF3Br, C2HF5 (pentafluoroethane, HFC-125), C2HF3Cl2 (2,2-dichloro-1,1,1-trifluoroethane, HCFC-123), 

and C3H2F3Br (2-bromo-3,3,3-trifluoropropene, 2-BTP) added to the coflowing air were reported.  

Additional numbers of carbon and fluorine atoms in the halon-replacement-agent molecules, compared to 

CF3Br, represent potential energy contributions at a fixed concentration if they burn completely to COF2 

and HF.  The combustion enhancement was evident in the computation, particularly with C2HF5 or 

C2HF3Cl2 added [18].  For C2HF3Cl2 or C3H2F3Br added, however, the calculation was unable to obtain 

the converged solution near the extinguishment limit.  An attempt was unsuccessful even at low 

concentrations of one other agent C6F12O (dodecafluoro-2-methylpentan-3-one, FK-5-1-12, Novec 1230).  
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C6F12O is a good agent on a mole basis but (like most other replacements) still quite inferior to CF3Br on 

a mass basis.  In fact, the mass-basis extinguishing concentration of C6F12O is comparable to chemically 

passive gases such as N2, CO2, CF4, and C4F10, and C6F12O maybe acts like an inert fire-extinguishing 

agent.  However, the physical and chemical effects of C6F12O on the diffusion flame structure and 

extinguishment processes have not yet been fully studied. 

This paper extends the prior effort [18] on halon-replacement agents to C6F12O by overcoming the 

convergence difficulties in the numerical simulation and by conducting the cup-burner flame 

extinguishment experiments using propane as the fuel. 

2 Experimental Procedures 

The standard cup burner [19] consists of a cylindrical glass cup (26 mm i.d., 30 mm o.d.) positioned 

inside a glass chimney (8.6 cm inner diameter, 45.7 cm height).  To provide uniform flow, 6 mm glass 

beads fill the base of the chimney, and 3 mm glass beads (with a 15.8 mesh/cm screen on top) fill the fuel 

cup.  The gas flow rates are measured by mass flow meters (Hastings HFM-200∗), which are calibrated so 

that their uncertainty is 2 % of indicated flow.  The fuel gas used is propane (Airgas CP, 99 %), the air is 

house compressed air supplied by an oil-free compressor (filtered and dried), and the fire-extinguishing 

agent is C6F12O (3M, b.p. 49.2 °C).  The flow rate of the liquid agent is metered by a syringe pump 

(Harvard Scientific, Model 11 Plus) at room temperature.  The agent is added to a metered bypass air flow 

and vaporized completely while flowing through stainless-steel tubing in a temperature-controlled 

circulation water bath (Fisher Thermo Scientific, Model 2864).  Then the agent-air mixture is combined 

with a main air flow at room temperature at the concentrations below its saturation vapor pressures before 

entering the cup burner.  To determine the minimum extinguishing concentration (MEC), for a fixed mean 

fuel velocity of 0.307 cm/s, the agent is added (in increments of < 1 % near extinguishment) to the co-

 
∗Certain commercial equipment, instruments, or materials are identified in this paper to adequately specify the 
procedure.  Such identification does not imply recommendation or endorsement by the authors or the funding agencies, 
nor does it imply that the materials or equipment are necessarily the best available for the intended use. 
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flowing air at an initial velocity of 10.7 cm/s (which converts the flow rate of 32.8 l/min at 21.1 °C) until 

extinguishment occurs.  The flame-base oscillation occurs just prior to blowoff, as observed previously 

for CO2 [32].  The test was repeated 29 times.  The MEC value is reported with 95 % confidence interval 

calculated from 𝑋𝑋� ± 1.96𝜎𝜎/√𝑛𝑛 where 𝑋𝑋� is the average value, σ is the standard deviation, and n is the 

number of samples. 

3 Computational Method 

The numerical simulation of coflow diffusion flames stabilized on the cup burner is performed 

using a time-dependent, axisymmetric numerical code (UNICORN) [20,21].  The code solves the axial 

and radial (z and r) full Navier-Stokes momentum equations, continuity equation, and enthalpy- and 

species-conservation equations on a staggered-grid system.  The buoyancy effect is included in the 

momentum equation.  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 K to 5000 K.  Mixture viscosity and thermal conductivity are then estimated 

using the Wilke and Kee expressions [22], respectively.  Molecular diffusion is assumed to be of the 

binary-diffusion type, and the diffusion velocity of a species is calculated using Fick's law and the 

effective-diffusion coefficient of that species in the mixture.  A simple radiation model [23] based on the 

optically thin media assumption is incorporated into the energy equation.  Radiation from CH4, CO, CO2, 

H2O, HF, and COF2 was considered in this study.  The Plank-mean absorption coefficients are obtained 

from the literature for the first four species [23] and HF [24]; and calculated for COF2 [24]).  The finite-

difference forms of the momentum equations are obtained using an implicit QUICKEST scheme [20], and 

those of the species and energy equations are obtained using a hybrid scheme of upwind and central 

differencing. 
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A comprehensive reaction mechanism for the simulation of propane flames with C6F12O added to 

“air” (21 % O2 in nitrogen) is assembled from the San Diego mechanism 2016 release for C1-C3 

hydrocarbons [25] extended to C4 [26] (58 species and 540 one-way elementary reactions) and a subset 

(83 species and 1666 reactions) of the NIST HFC mechanism [27,28].  The hydrocarbon combustion 

mechanism [25,26] is newly employed herein by replacing Ref. [18].  Improvements have been made in 

the computation mostly on the issues related to the convergence, while maintaining the kinetic data of the 

HFC mechanism the same.  The thermodynamic data for fluorine-containing species [27,28] in the model 

used previously [13] have been updated with more recent sources [29,30], particularly with relatively large 

changes for CF2O [30].  The final chemical kinetics model (141 species and 2206 reactions) is integrated 

into the UNICORN code. 

The boundary conditions are treated in the same way as reported in earlier papers [10,16-18].  The 

computational domain is bounded by the axis of symmetry, a chimney wall, and the inflow and outflow 

boundaries.  The cup-burner outer diameter is 28 mm and the chimney inner diameter is 95 mm.  The wall 

surface is under the no-slip velocity condition.  The wall temperature of the burner (4-mm length and 1-

mm thickness tube) is set at 294 K for the inlet portion (3-mm length) and 600 K for the exit portion (1-

mm length).  Since the cup-burner flame base detaches the burner in a centimeter order, the effect of the 

wall temperature on the MEC is weak.  The value of 600 K is close to the measured values [31,32]. 

The propane is ignited in the air to form a stable baseline flame.  To determine the MEC value, the 

agent is added incrementally (<1 % near extinguishment) while holding the inflow velocities of the 

propane fuel and the oxidizer (air+agent) at 0.307 cm/s and 10.7 cm/s, respectively, at 294 K.  The MEC 

value in the cup burner is, in general, nearly constant (plateaued) over a wide oxidizer velocity range (3-

18 cm/s) [31].  At each agent increment, the previous solution is used for the initial data consecutively.  

The present numerical code can capture the flame-base oscillation prior to blowoff extinguishment [32].  
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Validation of the code with the kinetic model was performed previously through the simulation of 

opposing-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 CF3Br and C2HF5 are within 4 % of the measured concentrations in 

weakly stretched flames and within 25 % in highly stretched flames. 

4 Results and Discussion 

4.1 Extinguishment experiment 

The flame base anchors at the burner rim, supports a trailing diffusion flame, and controls the 

flame attachment, detachment, and oscillation processes [32, 34].  As the C6F12O is added to the coflowing 

oxidizing stream, the flame height increases (flares up) substantially and the flame base oscillates inward 

and outward before blowoff extinguishment.  The measured MEC value is 4.17±0.30 % from 29 

extinguishment experiments. 

4.2 Flame structure 

In the computation, as the agent volume fraction in the coflowing oxidizing stream (Xa) approaches 

the extinguishment limit, the rim-detached flame base location becomes sensitive to small variations of 

Xa.  Figure 1 shows the calculated propane flame structure: (a) an agent-free rim-attached flame, (b) a 

near-limit detached flame with C6F12O agent added at Xa=0.04, and (c) the same as Fig. 1b with the agent 

decomposition reactions turned off.  The variables include the velocity vectors (v), isotherms (T), and 

heat-release rate ( q ).  The base of the agent-free flame (Fig. 1a) is anchored at the burner rim.  The flame 

inclines inwardly due to the buoyancy-induced flow.  The contours of the heat-release rate show a peak 

reactivity spot (i.e., the reaction kernel [31]).  The height from the burner rim (z) at the reaction kernel 

(the peak q  point) is zk=0.6 mm, where subscript k is at the reaction kernel.  The chain propagation radical 

species (H, O, and OH) as well as heat diffuse back against the incoming oxygen-rich flow at the flame 

base (edge), thus promoting vigorous reactions at the reaction kernel.  For the burner rim-attached flame  
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( a )      

     ( b )  

      ( c )  
Fig. 1 Calculated propane flame structure: (a) an agent-free flame, (b) a near-limit flame with added 

C6F12O at Xa=0.04 by full-chemistry, and (c) a near-limit flame with C6F12O agent added at 
Xa=0.04 with the agent decomposition reactions turned off. 
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(Fig. 1a), the temperature gradient near the reaction kernel may be affected by the wall temperature.  The 

values of the variables at the reaction kernel are q k=141.9 W/cm3, |vk|=0.215 m/s, and Tk=1478 K, where 

|v| is the magnitude of the velocity vector v.   

For the near-limit flame (Fig. 1b), the flame base is pushed inward by the nearly horizontal (and 

even slightly downward) entrainment flow.  At the MEC condition (not shown), the cup-burner flame base 

lifts off a centimeter order, and the fuel-velocity (0.307 cm/s) effect on the MEC is weak.  The heat-release 

rate contours show the two-zone flame structure downstream as reported previously [18] for C2HF5 and 

C2HF3Cl2.  The values of the variables at the reaction kernel are q k=66.8 W/cm3, |vk|=0.207 m/s, and 

Tk=1510 K.  The heat release rate is reduced substantially. 

For the near-limit flames with the agent decomposition reactions turned off (Fig. 1c), the flame 

base is pushed inward as well but with a single trailing flame zone.  The values of the variables at the 

reaction kernel are q k=122.4 W/cm3, |vk|=0.158 m/s, and Tk=1411 K.  The heat release rate is not reduced 

as much as the full chemistry case (Fig. 1b). 

The heat-release rate contour shape (Fig. 1b) resembles the tribrachial (or triple) flame structure—

the stoichiometric diffusion flame with the fuel rich and lean premixed flame branches—at a glance.  

However, the outer reaction zone and the small wing below the reaction kernel are formed by the reactions 

of agent itself along a temperature contour of ≈1100 K.  It is evidences by the results for no agent reactions 

(Fig. 1c), in which the outer zone disappears.  The present full-chemistry computation reveals the complex 

flame structure as described below.   

Figure 2 shows the radial variations of the temperature and the heat-release rate, calculated with 

full chemistry, across the reaction kernel and the trailing flame with C6F12O added at Xa=0.04 at z=0.8 mm 

(zk) and 5.8 mm (zk+5 mm) (see Fig. 1b).  At z=0.8 mm, the heat-release rate peaks at the reaction kernel.  

At z=5.8 mm, the flame is characterized by the two-zone structure (inner and outer) as is evident from two 

main heat-release rate peaks.  The inner zone (7.5 mm<r<9 mm) with two small humps is formed by the 
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hydrocarbon-O2 combustion near the temperature peak (1754 K) and fluorine reactions.  The outer zone 

(9 mm<r<10.5 mm) is formed by exothermic reactions of agent fragments around 1100 K. 

 

 

Fig. 2 Radial variations of the temperature and the heat-release rate with added C6F12O at Xa=0.04 by full 

chemistry across the reaction kernel (zk = 0.8 mm) and the trailing flame (zk + 5 mm = 5.8 mm). 

 

Figure 3 shows the radial variations of the species volume fractions (Xi), calculated with full 

chemistry, across the reaction kernel and the trailing flame with C6F12O (added at Xa=0.04) at (a) 

z=0.8 mm (zk) and (b) 5.8 mm (zk+5 mm).  At the height across the reaction kernel (Fig. 3a), some species 

such as C3H8, O2, and fluorine-containing species are observed on both sides because they diffuse or flow 

through the quenched space between the flame base and the burner rim.  At the height 5 mm above the 

reaction kernel (Fig. 3b), oxygen penetrates through the outer zone and the C6F12O agent decomposes to 

fluorine-containing species by going through the outer reaction zone.  A pool of chain carrier radicals (H, 

O, and OH) as well as F atom are formed in the middle of the two zones at relatively high concentrations  

(Xa≈10-3), thus contributing to both reaction zones.  The F atom peak with C6F12O addition is significant 

compared to C2HF5 studied previously [18].  The C3H8 fuel diffuses from the fuel side, decomposes to 

fragments (CH4, C2H4, and C2H2), and reacts with the chain carrier radicals in the inner zone.  The H2 and 

H2O molecules formed in the inner hydrocarbon-O2 reaction zone are attacked by the F atom to form HF 

through the exothermic reactions (which contribute to the second hump in the inner zone).  In the outer 
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     ( a )  

     ( b )  

Fig. 3 Radial variations of the species volume fractions with added C6F12O at Xa=0.04 by full-
chemistry: (a) across the reaction kernel, zk = 0.8 mm; and (b) the trailing flame, zk + 5 mm 
= 5.8 mm. 

 

zone, the agent (C6F12O) from the air side decomposes and diminishes, thus resulting in many fragmented 

fluorinated species (C2F4O, C2F6, CF4, CF2O, and others [not shown]), which react with the radicals or 

penetrate through the inner reaction zone.  The exothermic reactions of the fluorinated species form the 

secondary heat-release rate peak (outer zone) around 1100 K in the high-temperature zone created by the 

inner zone.  Thus the outer zone may not have been self-sustained without interactions with the inner zone.  

The final products (CO2, HF, and CF2O) and intermediates (CO and CF4,) diffuse over a wide range at 

relatively high concentrations.   
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4.2  Flame characteristics 

Figure 4 shows the effects of the agent volume fraction (Xa) on the calculated coordinates of the 

reaction kernel (peak heat-release-rate spot), in terms of the axial distance from the burner exit (zk) and 

the radius from the axis (rk), for the full chemistry and without agent decomposition reactions.  In both 

cases, for 0<Xa<0.025, zk increases slightly (0.6 mm to 0.8-1.0 mm), while rk decreased gradually 

(13.4 mm to 12.8 mm), and thus reaction kernel just above the burner rim (see Fig. 1a) moves inside.  For 

0.025 <Xa<0.04, zk decreases back to ≈0.7 mm, while rk decreased more rapidly to ≈11 mm (see Figs. 1b 

and 1c).  As rk decreases, the agent-laden air flows onto the fuel side and the fuel diffuses onto the oxidizer 

side over the standoff distance between the flame base and the burner rim, and thus more premixing occurs.  

As the extinguishment limit is approached (Xa>0.04), the flame base oscillation occurs and thus both zk 

and rk fluctuate until finally, blowoff-type extinguishment occurs.   

 
Fig. 4 Calculated axial (zk) and radial (rk) positions of the reaction kernel from the burner exit on the 

axis.  Open: full chemistry.  Closed: without agent decomposition reactions. 
 

The calculated MEC of C6F12O for the full-chemistry calculation is 4.2 %, which coincides with 

the measured MEC value of 4.17±0.30 %.  The calculated MEC of C6F12O without the agent 

decomposition is 4.3 %.  Although the MEC values are close each other with and without the agent 

decomposition, it does not necessarily mean that the extinguishment occurs solely by the physical effect. 
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The incoming flow velocity around the flame base is important to diffusion flame stability as it 

represents the reciprocal of the residence time through the reaction kernel.  Figure 5 shows the effects of 

Xa on the calculated total (|vk|), axial (Uk), and radial velocity (Vk) at the reaction kernel for the full-

chemistry calculation and without the agent decomposition.  Variations in velocities correlate with the 

behavior of zk and rk (Fig. 4).  For the full-chemistry, for 0<Xa<0.025, Uk, decreases to near zero value, 

while Vk’s absolute value and |vk| increase.  For 0.025<Xa<0.04, as the reaction kernel moves inside the 

burner rim, Uk becomes negative, while Vk’s absolute value and |vk| decrease.  As Xa approaches the MEC, 

Uk fluctuates with the flame-base oscillation, while Vk decreases to near zero value, and eventually, Uk 

and thus |vk| increases beyond the upper limit of the plot at the blowoff extinguishment.  In the case of no 

agent decomposition, Vk’s absolute value and |vk| are much smaller and the variations are monotonic 

compared to the full-chemistry case. 

 

 

Fig. 5 Calculated total (|vk|), axial (Uk), and radial velocity (Vk) at the reaction kernel.  Open: full 
chemistry.  Closed: without the agent decomposition. 

 

Figure 6 shows the calculated variables at the reaction kernel: the temperature (Tk), heat-release 

rate ( q k), and ratio of the square-root of the heat-release rate and the total velocity (�𝑞𝑞k̇/|𝐯𝐯k|) for the full 

chemistry and without agent decomposition reactions.  For the former case, as Xa is increased for 0 < Xa 
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< 0.04, the reaction kernel temperature maintains at ≈1500 K, while the heat-release rate decreases to a 

half value (≈140 to ≈70 W/m3).  The quantity �𝑞𝑞k̇/|𝐯𝐯k| relates to a ratio of the residence time and the 

reaction time, i.e., a local Damkhöler number, at the reaction kernel.  As the laminar flame speed of 

premixed flames is proportional to the square-root of the reaction rate, the new variable is used instead of 

𝑞𝑞k̇/|𝐯𝐯k| [34].  The quantity �𝑞𝑞k̇/|𝐯𝐯k| decreases gradually to a nearly constant level of ≈0.4 (Js/cm5)1/2, 

which corresponds to 𝑞𝑞k̇/|𝐯𝐯k|  ≈3.2 J/cm4 and is consistent with other agents (C2HF5, C2HF3Cl2, and 

C3H2F3Br) [18] and the chemically passive agents [35, 36].  This result suggests that the reaction kernel 

shifted downstream (smaller rk) to seek a location where a subtle balance between the residence time and 

the reaction time can be achieved.  As the flame base lifted higher and oscillates in the higher velocity 

field, it becomes difficult to obtain the balance, thus leading eventually to blowoff. 

 

 
Fig. 6 Calculated temperature, heat-release rate, and a ratio of the heat-release rate and the total 

velocity at the reaction kernel.  Open: full chemistry.  Closed: without the agent decomposition. 
 

Figure 7 shows the maximum temperature (Tmax) in the trailing diffusion flame, the total heat 

release, integrated over the entire flame ( q total) and over the flame base region ( q <zk+3 mm), for the full 

chemistry and without agent decomposition reactions.  Thus, both the heat-release rate per unit volume 

along the flame zone and the flame height affect the q total.  For the full-chemistry calculation, unlike the 

other chemically active agents previously studied [18], for which Tmax remains constant at ≈1800 K (C2HF5 
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and C2HF3Cl2) or mildly increases (CF3Br or C3H2F3Br), Tmax with added C6F12O decreases linearly.  On 

the other hand, as Xa is increased 0 to 0.04, 𝑞̇𝑞total (over the entire flame) increases (i.e., combustion 

enhancement) about three times (75 to 225 W) with added C6F12O.  By contrast, for 0 < Xa < 0.025, 

𝑞̇𝑞<𝑧𝑧k+3 mm is nearly constant.  For 0.025 < Xa < 0.04, during which the reaction kernel detaches the burner 

rim, 𝑞̇𝑞<𝑧𝑧k+3 mm increases rapidly to form a peculiar peak around Xa < 0.034.  However, the contribution 

of the flame base region to the total heat release is still relatively small.  Thus, the combustion 

enhancement occurred much more strongly in the trailing flame.  Therefore, the trailing diffusion flame 

burns more with the additional heat release to form HF and CF2O in the two-zone flame structure, while 

the reaction kernel with a premixed flame nature weakens and blows off eventually.  For the calculation 

without the agent decomposition, Tmax also decreases linearly but slightly more rapidly with Xa, and the  

 
Fig. 7 Calculated maximum temperature (Tmax) in the trailing diffusion flame, the total heat-release rate 

(𝑞̇𝑞total), integrated over the entire flame and over the flame base region ( 𝑞̇𝑞<𝑧𝑧k+3 mm).  Open: full-
chemistry.  Closed: without the agent decomposition. 

 

extinguishment occur at Tmax ≈1700 K, which is the critical condition as same as the chemically passive 

agents (CO2, N2, Ar, and He) previously studied [35,36].  For 0<Xa<0.04, 𝑞̇𝑞total increases linearly about 

35 % (75 to 124 W) with added C6F12O and 𝑞̇𝑞<𝑧𝑧k+3 mm stayed nearly constant without the peak observed 

for the full chemistry. 
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5 Conclusions 

The interactions of the fire-extinguishing agent C6F12O and the cup-burner diffusion flame 

structure, leading to extinguishment, are studied numerically and experimentally.  The C6F12O added to 

the coflowing air weakens the flame-holding reaction kernel in the flame base.  The reaction kernel 

detaches from the burner rim and moves to a location where a ratio of the residence time and the reaction 

time (i.e., Damkhöler number) is maintained.  As the flame base moves away and oscillates in the higher 

velocity field, the subtle balance is lost and the blowoff extinguishment occurs.  The calculated minimum 

extinguishing concentrations of C6F12O in a propane flame (with full chemistry) is 4.2 %, which coincides 

with the measured value of 4.17 ± 0.30 %.   

On the other hand, C6F12O enhances combustion in the trailing diffusion flame downstream.  The 

two-zone flame structure consists of the inner flame zone of the propane combustion and the outer zone 

of C6F12O reactions along the 1100 K contours.  The calculated total heat-release triples at the MEC with 

C6F12O added, which is much larger than C2HF5 and C2HF3Cl2 previously studied.  It the experiment, the 

flame flares up with added C6F12O, resulting in substantially larger flame height.  C6F12O is obviously 

chemically active due to the large numbers of carbon and fluorine atoms in the molecule.  In the case of 

no C6F12O decomposition reactions, the maximum flame temperature reduces linearly and the 

extinguishment occurs at ≈1700 K, which is identical to the inert gases previously studied.   

This work demonstrates that the unwanted combustion enhancement occurs due to inherent 

diffusion-flame (fire) structure, where the agent in the air reacts exothermically before reaching the main 

flame zone to inhibit combustion. Therefore, it is imperative to scrutinize compounds to avoid combustion 

enhancement, among other properties, in search for more effective halon replacement agents. 
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Figure Captions 

Fig. 1 Calculated propane flame structure: (a) an agent-free flame, (b) a near-limit flame with added 

C6F12O at Xa=0.04 by full-chemistry, and (c) a near-limit flame with C6F12O agent added at 

Xa=0.04 with the agent decomposition reactions turned off. 

Fig. 2 Radial variations of the temperature and the heat-release rate with added C6F12O at Xa=0.04 by 

full chemistry across the reaction kernel (zk = 0.8 mm) and the trailing flame(zk + 5 mm = 5.8 

mm). 

Fig. 3 Radial variations of the species volume fractions with added C6F12O at Xa=0.04 by full-

chemistry: (a) across the reaction kernel, zk = 0.8 mm; and (b) the trailing flame, zk + 5 mm = 

5.8 mm. 

Fig. 4 Calculated axial (zk) and radial (rk) positions of the reaction kernel from the burner exit on the 

axis.  Open: full chemistry.  Closed: without agent decomposition reactions. 

Fig. 5 Calculated total (|vk|), axial (Uk), and radial velocity (Vk) at the reaction kernel.  Open: full 

chemistry.  Closed: without the agent decomposition. 

Fig. 6 Calculated temperature, heat-release rate, and a ratio of the heat-release rate and the total velocity 

at the reaction kernel.  Open: full chemistry.  Closed: without the agent decomposition. 

Fig. 7 Calculated maximum temperature (Tmax) in the trailing diffusion flame, the total heat-release rate 

(𝑞̇𝑞total), integrated over the entire flame and over the flame base region ( 𝑞̇𝑞<𝑧𝑧k+3 mm).  Open: 

full-chemistry.  Closed: without the agent decomposition. 
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