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Nomenclature

XO2  – oxygen volume fraction in the air (N2, O2 in mix only)

Xi – volume fraction of inhibitor in oxidizer

 – oxidizer – fuel volume ratio in the reactants
 – moles of water vapor per mole of oxygen in the oxidizer 

 – fuel–air equivalence ratio in the reactant mixture
 – mole of agent per mole of oxygen in the oxidizer

 – fraction of chamber volume involved in combustion.  

Xwv – volume fraction of water vapor in the oxidizer stream before agent addition.
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Abstract 

It is desirable to replace Halon 1301, CF3Br, as the fire suppressant used in cargo bay fire suppression.  Unfortunately, some candidate agents for replacing Halon 1301, in particular C2HF5, C3H2F3Br, C6F12O, were found to create greater pressure rise in an Federal Aviation Administration (FAA) qualification test simulating an exploding aerosol can, and hence failed the test.  The present work describes the thermodynamic behavior of C2HF5, C3H2F3Br, and Halon 1301 in the FAA aerosol can test when added at varying concentrations.  The pressure rise in previously published FAA experiments are predicted, and the reasons for the overpressure are discussed. 
1. Introduction

The effective fire suppressant CF3Br (Bromotrifluromethane, Halon 1301, Halon) has been banned for most uses due to its destruction of stratospheric ozone.  While an exemption has been granted to the aviation industry for its use in cargo bays, it is highly desirable to develop alternatives so that use of CF3Br can be discontinued.  While several potential alternatives have been proposed, they have all been found to produce enhanced burning in the FAA Simulated Aerosol Can test [1], and hence they fail FAA’s Minimum Performance Standard [2].   In particular, C2HF5 (pentafluoroethane; 1,1,1,2,2-Pentafluoroethane; FC-125; HFC 125; HFC-125), and bromotrifluoropentene (C3H2F3Br, 2-BTP) all produce higher peak pressures in a simulated cargo bay when they are added at concentrations less than that required to completely suppression a simulated aerosol can explosion.  The goal of the present work is to understand the reasons for the enhanced pressure rise which occurs with C2HF5 and 2-BTP addition, and the lack of this effect with added CF3Br.     
2. Background

The particular tests in which the unwanted enhanced pressure rise occurred, the aerosol can explosion test simulation, were performed at the FAA Technical center by Reinhardt and co-workers [3,4].  The test consisted of a pressure vessel, 11400 L, simulating an aircraft cargo bay container, in which the explosion of an over-heated aerosol can is caused by a fire.  In the simulator, a fast-acting valve releases a mixture of propane (0.09 kg), ethanol (0.27 kg), and water (0.09 kg) from a heated container (16.2 bar ± 0.33 bar) into the chamber, which is filled with either air or air with added suppressant.  Sparks from a DC arc, located 91.4 cm downstream of the value opening, ignite the fuel from the aerosol can simulator, creating an expanding fire ball (if the overall mixture is explosive).  The resulting heat release from reaction of the fuel and oxidizer raises the temperature, and hence the pressure, of the contents of the chamber.  The fire-ball growth and ensuing pressure rise occur in an elapsed time of about 1 s.  During each test, pressure transducers, thermocouples, gas sampling probes, and a video camera record the pressure, temperature, agent and oxygen concentration, as well as visual images at select locations in the chamber.  
The results of some of the most important tests are shown in Table 1.  Without agent, ignition of the aerosol can contents occurred, creating a fireball which yielded a peak final temperature of around 180 °C and final overpressure of about 1.8 bar (26 psig) above ambient.  With HFC-125 at volume fractions of 6.2 %, 8.9 %, and 11.0 %, the peak overpressure was about 3.6 bar (53 psig), whereas for 13.5 % HFC-125, no overpressure occurred.  For 2-BTP, volume fractions of 3 % or 4 % both gave an overpressure of 4.3 bar (63 psig), and volume fractions of 5 % or 6 % gave overpressures of about 6.7 bar (98 psig).  
The unfortunate result is that when added at sub-extinguishing concentrations, the agents HFC-125 and 2-BTP create over pressures much greater (2.0 and 4.0 times) that occurring without added agent.  The goal of the present work is to understand the reasons for this enhanced energy release in the presence of these agents, which does not occur with Halon 1301.

Enhanced combustion in the presence of fire suppressants has been observed in previous work.  In experiments with high-speed turbulent flames in a detonation/deflagration tube, Grosshandler and Gmurczyk 
 ADDIN REFMGR.CITE 
[5-8]
 observed move vigorous combustion with various hydrofluorocarbon inhibitors, CF3I or CF3Br, while using either propane or ethylene as fuels.  For some conditions, the premixed addition of the halogenated agent to the air stream increased both the deflagration/shock propagation rate and the pressure ratio across the shock.  The results varied with fuel type, stoichiometry, agent type, and the presence or absence of turbulence-inducing spirals.  In tests with a constant volume, closed vessel combustion device (bomb), Shebeko et al. [9] found that various fluorinated inhibitors can enhance the combustion, creating both higher final pressures as well as higher rates of pressure rise, for hydrogen- or methane-air mixtures, under fuel-lean conditions.  In shock heated mixtures of fuel, oxygen and argon, Moriwaki and co-workers 
 ADDIN REFMGR.CITE 
[10-13]
 found that halo-methanes (CH3Cl, CH3Br, CH3I), as well as CF3Br,   promote methane ignition (i.e., lower the ignition delay), but inhibit ethane ignition.  Ikeda and Mackie [14] found that 2H-heptafluoropropane (C3HF7) added to shock-heated ethane-oxygen-argon mixtures at volume fractions up to 0.13 of the ethane concentration had little effect on the ignition times (with perhaps some acceleration effect) for near-stoichiometric conditions, while for somewhat higher amounts (39 % of the ethane concentration) and richer conditions (=1.5), there was some inhibition of the ignition (but much less than with added CF3Br).  Mawhinney et al. [15] found that unwanted accelerated burning could be caused by application of water mist to a fire (due to fluid-dynamic enhancement of the burning).  Hamins et al [16] reviewed previous work on enhanced burning with application of fires suppressants, and also concluded that the enhanced combustion was due to more rapid mixing of fuel vapor with air, from the combined effects of enhanced turbulent mixing and more vigorous liquid fuel atomization from agent jet impingement.  
In other tests, halogenated hydrocarbons added to the air stream of diffusion flames have been shown to increase total heat release.  Holmstedt et al. [17] reported that HFC 227ea or HFC 134a added to the fuel (propane) stream of a turbulent jet burner increased the total heat release, by a factor of 2 and 3.8, respectively, for concentrations just below that required for extinguishment of the flame.  Similarly, Katta et al. [18] found that CF3H added to the oxidizer stream in a cup-burner flame of methane nearly doubled the total heat release.
Based on previous work, it appears that higher overpressures in the FAA aerosol can tests might be due to higher heat release from reaction of the inhibitor itself.  On the other hand, the agents should reduce the overall reaction rate and hence inhibit the reaction (and heat release or pressure rise).   To investigate the propensity for higher heat release, the thermodynamics of the mixtures in the FAA tests are investigated below.  
3. Approach
3.1. Calculation of Initial Conditions
There are a few caveats in performing either the thermodynamic equilibrium or the PSR calculations for the conditions of the aerosol can test.  For a usual premixed flame calculation, the reactants are mixed, so the exact composition is known.  For a non-premixed flame (for example, a laminar diffusion flame), the usual assumption is that the reactants diffuse to the reaction zone in stoichiometric proportions.  For the aerosol can tests, however, the transport of reactants to the main reaction zone where they are consumed is likely controlled by highly dynamic turbulent mixing rather than diffusion.  Hence, some assumptions must be made concerning the relative amount each of the initial reactants in the equilibrium calculation.  Since the fuel species (from the aerosol can) are premixed, and they are released explosively from their container, they are all included as reactants in their supplied proportions.  For the oxidizer, the water vapor and inhibitor (if any) are assumed to be included at a fixed proportion in the gases initially in the chamber.  Since it is difficult to estimate the amount of oxidizer which interacts with the fireball during the explosive burning process, we allow that to be a variable in our calculations, expressed as , the fraction of chamber air involved in the combustion.  Likewise, we perform the calculations for a range of inhibitor volume fraction in the oxidizer, since this can be present at any concentration depending upon system design and performance.  

For the initial conditions, the fuel was taken to be the contents of the aerosol can simulator in the FAA tests of Reinhardt [3] (5.87 moles of ethanol, 2.05 moles of propane, and 5 moles of liquid water), so it is fixed for all calculations (i.e., all of the fuel was assumed to be consumed).  These conditions are listed in Table 2.  For the oxidizer, air containing only oxygen and nitrogen at the volume fractions of 0.21 and 0.79 was assumed, to which water vapor was added.  No water vapor was reported in the FAA tests, but assuming room temperature air at 21 °C and 100 % relative humidity, the water vapor fraction would be 0.025.  Consequently, the equilibrium calculations were performed for a water vapor volume fraction of 0, 0.0125, and 0.025.  Water vapor can affect both the equilibrium conditions of the mixture, as well as the kinetics, since it is known that the combustion behavior these hydrocarbon-air systems with added halogenated hydrocarbons are very sensitive to the overall hydrogen to halogen atom ratio in the mixture 
 ADDIN REFMGR.CITE 
[19-21]
.  

As described above, both the equilibrium thermodynamics and chemical kinetics of hydrocarbon systems with added halogens are highly sensitive to the overall halogen (X, where is F, Br, or Cl) to hydrogen atom (X/H) ratio in the system [21,22].  Consequently, it is of value to first determine the concentration of agent for which the [X]/[H] ratio is unity (above which value the kinetic behavior of the system is expected to change dramatically).  To do this, we write a stoichiometric reaction of the fuel (for comprehensiveness, with arbitrary ratio of C-H-O) to the most stable products CO2 and HF (which we can do since [F]/[H]=1 by definition; use of  F here as X is for convenience).   
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Performing atom balances on C, H, F, and O, with the fuel-air equivalence ratio  = 1, yields:


[image: image3.wmf]]

2

)

2

)(

[(

]

2

)

2

/

2

(

2

[

bd

a

c

e

f

b

b

a

c

-

-

-

-

-

-

=

r

a



[image: image4.wmf]r

a

g

2

)

(

-

-

=

e

f

b



[image: image5.wmf]÷

÷

ø

ö

ç

ç

è

æ

-

=

2

1

)

1

(

O

wv

wv

X

X

X

r


and


[image: image6.wmf]a

a

+

÷

÷

ø

ö

ç

ç

è

æ

-

+

=

2

1

)

1

(

1

O

wv

wv

i

X

X

X

X


in which XO2 is the oxygen volume fraction in the nitrogen and oxygen making up the air, Xwv is the volume fraction of water vapor in the air (before agent addition), and Xi is the volume fraction of agent (inhibitor) in the oxidizer mixture (containing N2, O2, H2O, and agent). 

In the absence of inhibitor, =0 and Xi=0, and the stoichiometric relationship is:


[image: image7.wmf]2

2

2

2

2

2

)

1

/

1

(

]

)

1

/

1

(

[

2

2

N

X

O

H

CO

N

X

O

O

H

O

H

C

O

O

c

b

a

-

+

+

=>

-

+

+

+

g

l

b

r

g

j


from which  is found (from an atom balance on C, H, and O) to be:
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For the given fuel mixture in the aerosol can test, a, b, and c are given as 17.87, 61.62, and 10.87 for one mole of equivalent fuel (CaHbOc); i.e., the contents of the aerosol can simulator, described here as one mole of equivalent fuel: C17.87H61.62O10.87.  For the agents C2HF5, C3H2F3Br (2-BTP), and CF3Br, d, e, and f are given as: 2,1,5; 3,2,4; 1,and 1,0,4 for the agent written as CdHeXf.  (Note that this “equivalent” fuel is used only from the stoichiometry calculations; for the equilibrium calculations themselves, the actual component molecules in their correct proportions are used.) The water vapor in the air specifies Xwv is specified, yielding  from which the oxidizer/fuel molar ratio,  is readily found.  The number of moles of agent in the oxidizer  is also found, leading to Xi, the volume fraction of agent in the oxidizer stream when [X]/[H] = 1.  The relevant values of these parameters and the resulting number of moles (and mole fractions) in the reactant mix for [X]/[H] = 1 are listed in Table 2 for no agent, C2HF5, 2-BTP, and CF3Br.  Data are presented for values of the relative humidity of the starting air of 0, 50 % and 100 % at a chamber fill temperature of 21 °C.

The data in Table 2 represent only those conditions for which [X]/[H] = 1.  In practice, the conditions can vary widely around these, with either much lower amounts added, or even with higher amounts added.  To capture such variation in the thermodynamic equilibrium and PSR calculations, the calculations were performed for a range of inhibitor volume fraction, and fraction of chamber air involved in the reaction with the aerosol can contents.  For the calculations for HFC-125, 2-BTP, and Halon 1301, the fraction of the chamber volume involved in the combustion was varied from 0.27 to 1.03, 0.23 to 1.37, and 0.17 to 0.65, respectively.  The reasons for these ranges are discussed in the results section below.  For each agent, HFC-125, 2-BTP, and Halon 1301, the initial inhibitor volume fraction in the oxidizer gases was varied from 0 to 14.4 %, 5.9 %, and 11.2 %., which correspond to about 200 %, 100 %, and 100 % or value for which [X]/[H] = 1, for each agent, respectively.  For the cases of HFC-125 and 2-BTP, these values are close to the highest values used in the FAA tests [3]; conversely, for Halon 1301, the highest amount used in the experiments was 2.5 %, which is only about a fourth of that for which [X]/[H] = 1, 11.2 % as indicated in Table 1.  Again, the reasons for these ranges are discussed below.  

3.2. Equilibrium Thermodynamics
The equilibrium composition, temperature, and pressure for a mixture of gases at some given initial state can be calculated [23,24].  Automated numerical techniques are available, which use the method based on minimizing the Gibbs free energy, for a large number of species typically present in combustion systems.  The equilibrium conditions of the aerosol can test were calculated using both the STANJAN-III program of Reynolds [25], and CEA2 of Gordon and McBride [26].  The calculations were performed over a wide range of initial conditions as described above.  
The numerical calculations provide data on the equilibrium composition (i.e., species mole fractions), entropy, enthalpy, temperature, and pressure of the final mixture—for the gases involved in the reaction.  In principle, such calculations can be used to determine the pressure rise in the FAA chamber since reaction of the fuel, air, and inhibitor cause energy release which leads to a pressure (or volume) and temperature rise (depending upon whether a constant pressure/enthalpy (HP) or volume/internal energy (UV) are held constant).  As with any fuel/oxidizer system, it is necessary to determine what fraction of the possible oxidizer gases in the chamber volume are actually involved in the high temperature (i.e., rapid) reaction with the fuel.  For example, when doing a constant U, V calculation in a fixed chamber [air] volume with a fixed [hydrocarbon] fuel volume, the pressure rise would depend upon what fraction of the air is included in the equilibrium calculation.  For example, for leaner (more air) mixtures, the final temperature changes for, changing the equilibrium distribution of some of the products (for example, CO and CO2).  For the case of air premixed with agent, however, selecting the fraction of the chamber air involved in the high-temperature reaction is even more important, because the inhibiting agent itself has a high energy content, but is unlikely to react by itself without the interaction with a flame.  That is, the inhibitor can react to its most stable products and release energy, but is only like to do so if it interacts with the high-temperature fire ball.
For the calculations here, the following procedure was used to determine the final pressure in the chamber.  The fuel from the aerosol can simulator was fixed as specified above.  The amount of water vapor and agent in the premixed chamber gases was specified, along with the initial pressure and temperature (typically 1 bar and 21 °C).  Next, the fraction of chamber gases to interact with the expanding fire ball was specified (from which the mass of chamber gases not involved in the combustion was also specified).  For the total involved mass (fuel+oxygen+water vapor in air+air+agent), a constant H, constant P equilibrium calculation was preformed to determine the conditions after complete reaction.  This specified the final volume of the involved reactants, which was added to the volume of the uninvolved gases, to yield a total final volume.  Finally, the ideal gas law was used to find the pressure rise from this volume change, had the volume remained constant (i.e., Vf/Vi=Pf/Pi).  
4. Results

4.1. Initial Conditions

The initial conditions for the equilibrium thermodynamics or PSR calculations were calculated as described above.  Referring to Table 2 and considering the cases for where Xwv=0.0125 (50 % RH), the stoichiometric air requirement,  for the case of no agent is 27.8 moles of oxygen/mole of equivalent fuel, which corresponds to a total oxidizer requirement of 112.3 moles.  Since the volume of the chamber is 11400 L (473 moles at 21 °C), the stoichiometric consumption of the aerosol can simulator fuel mix requires 24 % of the chamber volume. For C2HF5, the volume fraction of C2HF5 in the oxidizer stream (Xi ) required to achieve [X]/[H] = 1 is 0.072, and the fraction of the chamber volume required for stoichiometric combustion is 42 %. For 2-BTP, these values are Xi = 0.06 and 113 %, while for CF3Br, they are Xi = 1.08 and 27 %, respectively.  

The effect of the chemical inhibitors on the fraction of chamber air required for complete combustion varies with inhibitor type and concentration, and in some cases, the humidity of the air.   The presence of the agents HFC-125 and 2-BTP in the oxidizer at the volume fraction required for unity hydrogen to halogen ratio ([X]/[H]) greatly increase the fraction of chamber gases required for stoichiometric combustion; whereas, CF3Br has no such effect.  The inhibitor molecules have both fuel and oxidizer properties: the halogens are oxidizing species, while the carbon and hydrogen are fuel (reducing) species.  The most stable products for the halogens are the halogen acid, HX, while for carbon, it is CO2. Since by definition, [X]/[H] = 1, all of the halogen forms HX, and by definition (since  and  were free parameters) all carbon goes to CO2.  When HFC-125 is present in the oxidizer at 7.2 %, adding oxidizer adds more oxygen to consume the fuel molecules, but a large fraction of the added air is used to consume the HFC-125 in the air.  The halogen molecules present in the HFC-125 combine either with the hydrogen in the HFC-125, the hydrogen in the water in the air, or the hydrogen in the fuel mix.  On the other hand, the carbon in the HFC-125 needs the oxygen from the chamber gas, but adding chamber gas adds more HFC-125.  The result is that the fraction of the chamber air required when HFC-125 is present in the air stream at 7.2 % is almost doubled (as compared to the air requirement without HFC-125).  This effect is stronger for 2-BTP since the hydrogen atoms on the inhibitor have their own halogen demand, and the molecule has three carbon atoms (so that it requires more O2 to form CO2).  With 2-BTP added to the point of [X]/[H] = 1, the fraction of chamber air required is 4.7 times greater than without agent.  In contrast, with added CF3Br at [X]/[H] = 1, there is no added oxygen demand.  For this particular chemical system, the atoms just balance so that, conceptually, all the water formed from reaction of the fuel molecule with the air forms water, which then supplies H and O in just the right proportion (2:1) to oxidize the CX4 to CO2 and HX.  With less CF3Br than that for [X]/[H] = 1, there will just be extra H2O left over after all the CF3Br is consumed.  The results presented here for stoichiometric combustion to the most stable products (at [X]/[H] = 1) are substantiated below through complete thermodynamic equilibrium calculations for the full range inhibitor volume fraction Xi and fraction of chamber air involved in the combustion . 
4.2. HFC-125
Summarizing the results of Table 2 for HFC-125, the value of the inhibitor volume fraction in the oxidizer, Xi, for unity hydrogen to fluorine ratio in the system, Xi|X/H=1  is 0.072, with a slight variation (0.025, or about ± 3 %) due to variation in the relative humidity in the chamber air.  Table 1 shows that the FAA tests were conducted up to Xi=0.135; hence calculations for values of Xi up to twice Xi|X/H=1  are of interest.  At [X]/[H] = 1, stoichiometric combustion would use 42 % ± 2 % of the chamber air.  Note that these calculations do not include minor species, and hence differ significantly from those presented below which are from a full chemical equilibrium calculation (not just reaction to the most favorable species).  Nonetheless, they are useful start for understanding the regions of different behavior of the system.
The discussions below, however, are based on the full chemical equilibrium calculations.
Figure 1a shows the final temperature (of the involved gases) in the equilibrium calculation for HFC-125 at volume fractions of 0 % to 15 %.  Each curve on each plot shows the result for a given fraction of chamber air, , ranging from 0.27 to 1.03.  Note that Figure 1a shows the final temperature of only the involved gases; for those cases with  less than 1 (most of the curves) the final temperature of all the [mixed] gases would be lower due to dilution.  As indicated, the final temperature reaches a peak for some value of Xi, and then drops off for more or less agent.  This behavior is similar to the variation of peak temperature with fuel volume fraction [23], and illustrates the fuel nature of the agent.  That is, for each amount of air (), there is an optimum amount of “fuel” (from the aerosol can and from the agent in the air) to yield the peak temperature.  On the other hand, changes to the equilibrium products (which can influence the final temperature), can occur when increasing Xi changes the overall [X]/[H] ratio in the system.  For example, in Figure 1a, the final peak temperature of the involved gases is around 2140 K, which is close to that for the peak for the fuel mix without agent (2145 K), when for values of Xi less than about 8 %.  For increasing amounts of agent beyond 8 %, however, the peak temperature decreases.  This is likely due to COF2 formation, which decreases the final temperature [27,28].
Figure 1b shows the total estimated final pressure of the test chamber in the aerosol can test with added HFC-125.  As indicated, at any value Xi, allowing more of the chamber gases to be involved in the combustion always increases the final pressure of the test chamber (due to the added fuel effect from the agent).  At a given value of , however, there is a peak in the final pressure at a given value of Xi, for the same reasons described above for the peak temperatures.  Nonetheless, the question remains as to what amount of vessel air is actually involved in the combustion reactions (and hence, can contribute to the heat release reactions).  To examine this question, it is useful to plot the present data differently.
Figure 2a shows the final temperature of the gases involved in the combustion in the aerosol can test as a function of the fraction of chamber air involved in the combustion, .  Each curve represents an initial volume fraction of HFC-125 in the chamber gases.  The curves for low values of Xi (less than 8 %) follow the typical variation in adiabatic flame temperature with fuel-air equivalence ratio,  [23], and the peak values are near 2140 K.  Figure 2b shows the corresponding final chamber pressure as a function of .  The kink in each curve, where the slope changes, represents the value of  for the peak temperature.  Figure 3a shows the peak final temperature of the involved gases from the data of Figure 2, as a function of Xi, together with the fraction of chamber air, , at the peak temperature. 

There are several important observations to make from Figure 2 and Figure 3.  1.) For values of Xi up to Xi|X/H=1, adding inhibitor does not appreciably lower the peak final temperature.  2.) Even for Xi above Xi|X/H=1, if the reaction can proceed to the most thermodynamically favorable products, the peak temperature is still quite high (above 1865 K).  3.) For stoichiometric combustion (approximated by the value of  for the peak temperature) quite large fractions of the chamber volume are involved.  4.) From Figure 2, it is seen that for values of Xi above Xi|X/H=1, the temperature near the peak is very flat; that is, a wide range of values of  (the fraction of chamber air involved) give nearly the same value of the peak temperature.  For example, with 11.2 % HFC-125, values of  from 0.5 to 0.97 produce final temperatures within 100 K of the peak value.  As shown in Figure 1b above, these differences in  can imply final pressures ranging from 3.0 bar (43 psig) to 5.5 bar (80 psig).  The significance of this is that for very wide ranges of mixing of the aerosol can simulator contents with the chamber air, there will be sufficient energy available to achieve high temperature (if the kinetics are fast enough).  Clearly, determining the fraction of the chamber volume involved in the combustion is essential for predicting the maximum pressure rise.  
Without more detailed knowledge of the mixing processes occurring during the aerosol can test, there are various ways to estimate .  In a laminar diffusion flame, the flame location between the oxidizer and fuel streams typically occurs near the location where the oxidizer and fuel diffuse together in stoichiometric proportions.  This is near to the location of peak temperature.  Hence, Figure 3b shows the final chamber pressure at the value of  which yields the peak temperature.  Other ratios of fuel to oxidizer are possible.  For example, in a hydrocarbon-air system, the location of peak CO2 is typically near to the flame sheet.  For a distributed reaction system with variable stoichiometry, the value of  for which the [CO] starts to increase appreciably is near to the stoichiometric ratio.  Likewise, for a system with halogen and hydrogen (e.g., inhibited hydrocarbon flames), in which the overall reaction is much higher if halogen and hydrogen come together in their desired proportions (i.e., sufficient hydrogen) [21,22], the location where the species COF2 just starts to increase is near to that stoichiometric value.  Figure 4 shows a.) [CO2], b.) the fraction of CO and CO2 carbon showing up as CO, and c.) the fraction of fluorine in COF2 and HF showing up in COF2.  As the figure shows, the value of  for the peak value of CO2, or for the point at which [CO]/([CO]+[CO2] or 2[COF2]/(2[COF2]+[HF]) just start to increase, correlate reasonably well (albeit with some differences) with  at the peak temperature as shown in Figure 2a.   These different metrics defining the stoichiometric condition are used to determine the value of  for calculating the final pressure, as indicated in Figure 5.  Since the thermodynamics (and the reaction kinetics) of the HFC-125-aerosol can simulator fuel-air system favor formation of CO2 (rather than CO) and HF and CO2 rather than COF2, for highest heat release, it is not unreasonable to use the value of  which is the average of those for which the [CO] and the [COF2] just start to increase.  This is plotted as the + symbols in Figure 5; as indicated, the curve captures the proper trend demonstrated by the experimental results.   Selecting a value of  based on minimizing COF2 and CO formation is a kinetic argument.  The system stoichiometry will be driven towards  which produced small concentrations of COF2 or CO because when those species are present, the concentration of chain-carrying radicals in the system is greatly reduced (for COF2 formation) and the temperature is reduced (for CO formation).  
4.3. 2-BTP

Referring to Table 2, the first thing to notice for 2-BTP is that the value of Xi for which [X]/[H]=1, Xi|X/H=1 , is around 0.06 (with a variation of ± 0.025, depending upon the relative humidity of the air), and referring to Table 1, the FAA tests were conducted up to Xi=0.06.  Hence calculations for values of Xi only up to Xi|X/H=1 are of interest.  An important result of this is that for all of the FAA experiments with 2-BTP (i.e., up to Xi=0.06), the system is never hydrogen limited.  Nonetheless, the fraction of the chamber volume  required for stoichiometric combustion is highly sensitive to the relative humidity of the air with =0.95 at RH=0 %, and =1.41 at RH=100 %.  Similar thermodynamic equilibrium calculations, to those performed for HFC-125 discussed above, were performed for 2-BTP, and the results are shown in Figure 6, Figure 7, and Figure 8.  
Figure 6a shows the temperature of the involved gases as a function of Xi, for various values of .  For each constant fraction of the chamber volume , the temperature has a peak, and drops off on either side of the peak reminiscent of the behavior of hydrocarbon flames with more or less added fuel.  The peak of each curve is nearly constant at about 2170 K for Xi<= Xi|X/H=1 .  This behavior is the same as for HFC-125; however, here, we do not calculate results for Xi>Xi|X/H=1  (although a drop off in the peak temperature would be expected).  Figure 6b shows behavior similar to HFC-125: larger fractions of involved chamber gases creates more over pressure, and the peak pressure occurs at the value of Xi of peak temperature of involved gases.  
Figure 7 shows the same data plotted as a function of , with each curve corresponding to a fixed value of Xi.  (these plots mimic the typical plots of adiabatic flame temperature as a function of the fuel – air equivalence ratio ).  As with HFC-125, a key feature is that without agent, the temperature drops off rapidly as  moves from its value at the peak; whereas at higher agent loadings, large variations in  produce very little change in the peak temperature.  For example, at Xi=0.047, the peak temperature of the involved gases is 2171 K, and values of  from 0.57 to 1.00 have peak temperatures with 100 K of this value; for those values of , the corresponding total pressure rise is 3.68 bar (53.6) psig to 6.57 bar (95.6 psig).  As with HFC-125, a wide range of values of  give a nearly equivalent temperature rise, although for larger values of , the pressure rise is much bigger, as shown in Figure 7b.  Again, the next step is to estimate the fraction of the total chamber oxidizer involved in the reaction with the fuel from the aerosol can simulator.  

Figure 8a shows the peak temperature (left scale), for any value of , as a function of Xi for 2-BTP, while the value of  at the peak temperature is given by the right scale.  As described above, the peak temperature is nearly constant; while it drops for the last few points (5.2 % <= Xi <= 6 %), this may be because the maximum value of  used in the calculations, 1.37, supplied insufficient oxygen.  Note that with Xi=0.05, the entire chamber volume is required to supply sufficient oxygen.  Figure 8b shows the final pressure rise for the value of  corresponding to the peak temperature (only for Xi <= 0.05, i.e.,   < 1).  As indicated, concentrations of 2-BTP up to 5 % have the potential to rise the final pressure to more than 6.18 bar (90 psig).  
Figure 9 shows the final pressure of the mixed chamber gases (involved in reaction,  plus those not involved in reaction, 1-) as a function of Xi.  Data are shown for the FAA experiments, and from the thermodynamic calculations assuming  is defined by the peak temperature, peak [CO2], or the point at which [CO]/([CO]+[CO2]) <= 1 % (all for the involved gases only).  As indicated, all of the estimates of  capture the correct trend in the final pressure, although that based on CO fraction of CO2,peak overestimate Pfinal somewhat.  Nonetheless, considering the simplifications in the current description, this agreement is considered very good.  Recall that if the extent of reaction is < 1 (which should be increasingly true as the inhibitor reduces the overall reaction rate, especially as higher Xi), the predicted final pressure rise would be less.     
4.4. Halon 1301
Halon 1301, even at sub-inerting concentrations, did not produce the over pressures characteristic of the tests with HFC-125 and 2-BTP.  Referring to Table 2, equal amounts of halogen and hydrogen in the system are achieved at Xi|X/H=1 = 0.108, which is much higher than either that tested in the FAA experiments noted in Table 1 (Xi=0.025), or that found to completely extinguish the aerosol can test explosion (Xi=0.03 to 0.04) [4].  Interestingly, the stoichiometric air requirement at this [X]/[H]=1  is only 0.27, or about 10 % higher than with no agent at all (0.24).  These results are explored more fully below in the full thermodynamic equilibrium calculations displayed in Figure 10, Figure 11, and Figure 12.  
Figure 10 shows the temperature and pressure predicted for the FAA aerosol can test with Halon 1301 added at volume fractions up to 0.112, for different values of .  Unlike with HFC-125 and 2-BTP, for a given value of , the final temperature of the involved gases or the pressure increase of the chamber contents vary more mildly with Xi (although there variation is greatest at near stoichiometric conditions, around  =0.33).  The behavior is illustrated more clearly in Figure 11a, which shows the temperature of the involved gases as a function of the fraction of chamber air involved, .  As indicated, the peak temperature occurs at  =0.33, where the variation in temperature with Xi is greatest; at the highest or lowest values of  used in the calculations, the variation of Taft or Pf with Xi is small.  Figure 11b shows that the final pressure increases steadily as  increases up to =0.33, then increases more gradually.  This gradual increase is likely due to the change in equilibrium products (i.e., fewer radicals, partially oxidized products such as CO, etc.) as the final temperature goes down (at higher ).  Interestingly, the final pressure is nearly identical for any value of Xi.  This is because, as indicated in Table 2, the oxygen demand of the system does not increase with increasing Halon 1301 in the oxidizer gases.  This will be discussed further below.  
The peak Taft for Halon 1301 is shown in Figure 12a, together with the value of  at the peak temperature.  As indicated, the peak Taft decreases as inhibitor is added, from 2171 K at Xi=0 to 1931 K at Xi=0.112; however, the value of  at the peak is constant at =0.33.  This is in contrast to HFC-125 and 2-BTP, for which added agent caused a propensity to involve more oxidizer.  The effect on pressure is to reduce the final temperature of the mixed gases in the chamber as more agent is added; for example, the using the point of peak Taft to define the amount of involved air (which will be constant at =0.3e), Pf is shown in Figure 12b; as indicated, it decreases from about 2.2 bar (33 psig) to 2.0 bar (29 psig) for Xi=0 to Xi=0.112.
4.5. Discussion

There are several important observations to make from the above analyses.

For the agents HFC-125 and 2-BTP:  

i.) For values of Xi up to Xi|X/H=1, adding inhibitor does not appreciably lower the peak final temperature.

ii.) Even for Xi above Xi|X/H=1 (e.g., HFC-125), if the reaction can proceed to the most thermodynamically favorable products, the peak temperature is still quite high (above 1865 K).  

iii.) For higher values of Xi, large fractions of the chamber volume are involved for stoichiometric combustion (based on  for the peak temperature).

iv.) For values of Xi above Xi|X/H=1, the temperature near the peak is very flat; that is, a wide range of values of  (the fraction of chamber air involved) give nearly the same value of the peak temperature.  

For the agent CF3Br, the key features are that 

i.) Adding agent does not require more chamber air to maintain peak Taft, and 

ii.) At the extinguishing concentration (0.038), the Taft drops only by around 100 K as compared to Xi = 0.  

iii.) The experimental pressure rise with added CF3Br is lower than predicted based on equilibrium thermodynamics (apparently, CF3Br provides kinetic inhibition at any value of Xi). 

The presence of the agents HFC-125 and 2-BTP in the oxidizer (at the volume fraction required for unity hydrogen to halogen ratio) greatly increases the fraction of chamber gases required for stoichiometric combustion; whereas, CF3Br has no such effect.  The unique behavior of CF3Br in this regard is explained as follows.  The inhibitor molecules have both fuel and oxidizer properties: the halogens are oxidizing species, while the carbon and hydrogen are fuel (reducing) species.  The most stable products for the halogens are the halogen acid, HX, while for carbon, it is CO2. Since by definition, [X]/[H] = 1, all of the halogen forms HX, and by definition (since  and  were free parameters) all carbon goes to CO2.  When HFC-125 is present in the oxidizer at 7.2 %, adding oxidizer adds more oxygen to consume the fuel molecules, but also adds a fuel load from the HFC-125 in the air.  The halogen molecules present in the HFC-125 combine either with the hydrogen in the HFC-125, the hydrogen in the water in the air, or the hydrogen atoms in the fuel mix.  On the other hand, the carbon in the HFC-125 needs the oxygen from the chamber gas, but adding chamber gas adds more HFC-125.  The result is that the fraction of the chamber air required when HFC-125 is present in the air stream at 7.2 % is almost doubled (as compared to the air requirement without HFC-125).  This effect is stronger for 2-BTP since it has two hydrogen atoms and three carbon atoms, so that with added 2-BTP at Xi|X/H=1, the fraction of chamber air required is 4.7 times that without agent.  In contrast, with added CF3Br at [X]/[H] = 1, there is little added oxygen demand.  For this particular chemical system (aerosol can test fuel, O2, N2, water vapor, and CF3Br), the atoms just balance so that, conceptually, all the water formed from reaction of the fuel molecule with the air forms water, which then supplies H and O in just the right proportion (2:1) to oxidize the CX4 to CO2 and HX; e.g., 2H2O + CF3Br => CO2 + 3HF + HBr, with Taft = 985 K.  That is, there is always sufficient water from the fuel consumption to supply the H and O molecules for complete CF3Br reaction.  With less CF3Br than that for [X]/[H] = 1, there will just be extra H2O left over after all the CF3Br is consumed.  The implication of this result is that if a molecule (or combination of compounds) can be found with the same X/C ratio as CF3Br (for example, CCl4, CF4), it should not cause an increased pressure rise in the FAA aerosol can test under any circumstances.  

5. Conclusions

Thermodynamic equilibrium calculations were performed in order to understand the anomalous and unwanted enhanced pressure rise for conditions of a simulated aerosol can explosion in an aircraft cargo bay, when certain fire suppressants are added.  The calculations successfully predicted the pressure rise for a wide range of conditions.  The calculations indicate that for the agents C2HF5 and C3H2F3Br, complete reaction of the fuel and agent, at a fuel-oxidizer ratio pertaining to peak temperature, is required to produce the pressure rise.  As one of these agents is added to the oxidizer, the amount of oxidizer required increases geometrically, since the inhibitor itself has a significant oxygen requirement.  Extent of reaction of unity is required to reproduce the observed pressure rise for all inhibitor concentrations except at the highest concentrations tested (13.5 % for HFC-125, and 6 % for 2-BTP).  At these concentrations, however, the overall system is oxygen limited, so any suppression effects may have been due to oxygen starvation (as opposed to the expected chemical inhibition).  Conversely, CF3Br was found to cause no over-pressure enhancement for two reasons: 1.) it reduces the extent of reaction at all concentrations, and 2.) it does not increase the oxygen demand of the system.  This latter effect is due to the unique stoichiometry of the system with added CF3Br.  With added HFC-125 or 2-BTP at high loading, variation in Taft is very mild near the peak in Taft.  Hence, energetically, there is a very wide range of  over which the flame might burn.  Additional research (e.g., chemical kinetic calculations) is suggested to explain the lack of expected chemical inhibition by the HFC compounds, as well as to explore the possibility of extinction by these HFCs only when the systems reach their rich limit or inerting concentration.   The present results are of significance not only for fire suppression, but for other applications of HFCs as well.  For example, new HFC refrigerants (and blends) are likely to be slightly flammable [29,30].  Hence, understanding their flammability in the presence of hydrocarbons (and any anomalous behavior) is important for their fire-safe use.
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Table 1 – Results of FAA Simulated Aerosol Can Test with no agent, HFC-125, and 2-BTP.

	FAA Run No.
	Agent

	Pinitial
(bar)
	Agent Volume Fraction (%)
	Tinitial
(°C)
	Tfinal
(°C)
	Pfinal
(bar)

	
	
	
	
	
	
	

	3
	none
	0
	0 
	18.3
	197
	1.75

	4
	none
	0
	0
	20.0
	164
	1.61

	5
	BTP
	0
	3
	21.1
	569
	4.34

	6
	BTP
	0
	4
	18.3
	591
	4.34

	9
	BTP
	0
	5
	18.9
	677
	6.89

	13
	BTP
	0
	6
	17.2
	797
	6.41

	16
	CF3Br
	0
	2.5
	11.9
	18.3
	0.28

	17
	HFC-125
	0
	8.9
	
	664
	3.65

	19
	HFC-125
	0
	11
	
	575
	3.58

	23
	HFC-125
	0
	6.2
	10.0
	552
	3.58

	20
	HFC-125
	0
	13.5
	9.8
	
	

	25
	HFC-125
	1.03
	11.3
	-4.4
	0
	0.41


Table 2 – Assumed initial composition of reactants for FAA aerosol can test, assuming agent present at [X]/[H] =1.
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C2HF

5

C3H2F

3

Br CF

3

Br

Relative Humidity (%) 0 50 100 0 50 100 0 50 100 0 50 100



0 0.061 0.122 0 0.061 0.122 0 0.061 0.122 0 0.061 0.122



0.356 0.3756 0.395 0.294 0.3098 0.326 0.553 0.5835 0.614



27.84 27.84 27.84 43.25 44.59 46.06 104.87 123.50 150.90 27.84 27.84 27.84

X

i

0.070 0.072 0.075 0.058 0.060 0.063 0.104 0.108 0.112

Oxidizer Species (moles)

O

2

5.85 5.85 5.85 9.08 9.36 9.67 22.02 25.94 31.69 5.85 5.85 5.85

N

2

104.7 104.7 104.7 162.7 167.7 173.3 394.5 464.6 567.7 104.7 104.7 104.7

H

2

O(g)

0.00 1.70 3.40 0.00 2.72 5.62 0.00 7.53 18.41 0.00 1.70 3.40

Agent 15.40 16.75 18.19 30.83 38.26 49.19 15.40 16.24 17.09

Total (oxidizer) 110.6 112.3 114.0 187.2 196.6 206.8 447.4 536.3 667.0 126.0 128.5 131.1

Fraction of Chamber Vol. 0.23 0.24 0.24 0.40 0.42 0.44 0.95 1.13 1.41 0.27 0.27 0.28

Fuel Species (moles):

C

2

H

5

OH

5.87 5.87 5.87 5.87 5.87 5.87 5.87 5.87 5.87 5.87 5.87 5.87

C

3

H

8

2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05

H

2

O(L)

5 5 5 5 5 5 5 5 5 5 5 5

Total Moles (all): 123.5 125.2 126.9 200.1 209.5 219.7 460.3 549.2 679.9 138.9 141.4 144.0

Species Mole Fractions:

C

2

H

5

OH

0.04753 0.04689 0.04626 0.02934 0.02802 0.02672 0.01275 0.01069 0.00863 0.04226 0.04150 0.04077

C

3

H

8

0.01660 0.01637 0.01616 0.01024 0.00979 0.00933 0.00445 0.00373 0.00302 0.01476 0.01449 0.01424

H

2

O(L)

0.04049 0.03994 0.03940 0.02499 0.02387 0.02276 0.01086 0.00910 0.00735 0.03600 0.03535 0.03473

O

2

0.04734 0.04670 0.04607 0.04539 0.04470 0.04403 0.04785 0.04722 0.04661 0.04209 0.04133 0.04060

N

2

0.84804 0.83654 0.82534 0.81310 0.80070 0.78876 0.85710 0.84588 0.83495 0.75404 0.74046 0.72736

H

2

O(g)

0 0.01356 0.02677 0 0.01298 0.02558 0 0.01372 0.02708 0 0.01201 0.02359

Agent 0 0 0 0.07695 0.07994 0.08282 0.06698 0.06966 0.07236 0.11084 0.11485 0.11872
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Figure 1 –Equilibrium a.) temperature of involved reactants, and b.)  final pressure of the chamber contents in the FAA aerosol can test as a function of volume fraction of HFC-125 in the air.  Different curves represent different fractions of the chamber air (i.e., stoichiometry) as reactants. F:\Home\Greg\Current Research\FAA - Aerosol Can Test\Excel files\EQ_CEA-R125_21rh050.xls
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Figure 2 –Equilibrium a.) final temperature of involved reactants, and b.) final pressure of the chamber contents in the FAA aerosol can test as a function of the fraction of chamber air involved in the combustion.  Different curves represent different volume fractions of HFC-125 in the chamber air.  
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Figure 3 – a.) Peak equilibrium final temperature (left scale) of involved gases in aerosol can test from Figure 2 as a function of the volume fraction of HFC-125 in the chamber air, Xi ; right scale shows the fraction of chamber air, , involved in the combustion at this peak temperature.   b.) final chamber pressure at the value of  corresponding to the peak temperature, as a function of Xi.  
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Figure 4 – a.) CO2 volume fraction, b.) [CO/([CO]+[CO2]), and c.) 2[COF2]/(2[COF2]+[HF]) as a function of fraction of chamber air involved in combustion, .   Different curves on each graph represent different values of Xi. F:\Home\Greg\Current Research\FAA - Aerosol Can Test\Excel files\EQ_CEA-R125_21rh050.xls sheets: CO2, CP_CO2s, COF2_Fs
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Figure 5 – Final chamber pressure as a function of Xi (HFC-125) at the value of  corresponding to the: peak temperature (♦), peak [CO2] (□), start of [CO] formation (x), and start of COF2 formation (∆).  The + symbols show a composite of the average of the start of [CO] and [COF2] formation, while the ● symbol shows the FAA experimental data. F:\Home\Greg\Current Research\FAA - Aerosol Can Test\Excel files\ EQ_CEA-R125_21rh050.xls sheet: misc
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Figure 6 – Equilibrium final a.) temperature of the involved gases and b.) pressure in the FAA aerosol can test as a function of volume fraction of 2-BTP volume fraction in the air.  Different curves represent involvement of different fractions of the chamber air (i.e., stoichiometry). F:\Home\Greg\Current Research\FAA - Aerosol Can Test\Excel files\EQ_SJ-BTP_21rh050.xls
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Figure 7 – Equilibrium final a.) temperature of the involved gases and b.) pressure in the FAA aerosol can test as a function of the fraction of chamber air involved in the combustion.  Different curves represent different initial volume fractions of 2-BTP in the chamber air, Xi.  
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Figure 8 – Peak equilibrium final temperature of involved gases a.) left scale, in the FAA aerosol can test from Figure 7a as a function of the volume fraction of 2-BTP in the chamber oxidizer gases; the right scale shows the fraction of chamber air,  involved in the combustion at this peak temperature.   b.) final pressure of the chamber gases at the fraction of vessel air of the peak temperature.  
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Figure 9 - Final chamber pressure as a function of Xi (2-BTP) at the value of  corresponding to the: peak temperature (♦) and peak [CO2] (□).  The ● symbol shows the FAA experimental data.  
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Figure 10 – Equilibrium final a.) temperature of the involved gases and b.) pressure in the FAA aerosol can test as a function of volume fraction of Halon 1301 volume fraction in the air.  Different curves represent involvement of different fractions of the chamber air (i.e., stoichiometry).  
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Figure 11 – a.) Equilibrium final temperature of the involved gases, and b.) final pressure of the FAA aerosol can test as a function of the fraction of chamber air involved in the combustion.  Different curves represent different volume fractions of CF3Br in the chamber air.  F:\Home\Greg\Current Research\FAA - Aerosol Can Test\Excel files\EQ_CEA-R-1301_21.xls
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Figure 12 – Peak equilibrium final temperature of the involved gases (left scale) and fraction of involved gases  (right scale) as a function of initial volume fraction of Halon 1301 in the chamber.  F:\Home\Greg\Current Research\FAA - Aerosol Can Test\Excel files\EQ_CEA-R-1301_21.xls
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Figure 13 - Final chamber pressure as a function of Xi (Halon 1301) at the value of  corresponding to the: peak temperature (♦) or  peak [CO2] (□).  The ● symbol shows the FAA experimental data.  
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