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Experimental and computational work was performed to help understand why sub-

inerting concentrations of HFC-125 (C2HF5) produced overpressures in the FAA aerosol can 

explosion test.  The fire suppression performance of HCFC-123 (C2HCl2F3) was also 

investigated to determine whether it may perform better than HFC-125.  Thermodynamic 

analysis shows that both agents increase the overall heat release for lean mixtures containing the 

aerosol can contents.  HFC-125 also increases the overall reaction rate when added to lean 

mixtures.  The overall reaction rate of mixtures containing HCFC-123 is generally lowered when 

sub-inerting concentrations are added.  Experimental results showed that HCFC-123 has a lower 

minimum inerting concentration (8.9%) than HFC-125 (13.5%).  Mixtures containing HCFC-123 

were found to produce peak pressures in the 2 L chamber that were estimated to cause 

overpressures in the FAA chamber.  Nitrogen dilution resulting in 20% oxygen in air was 

successful at eliminating the overpressure of mixtures containing HCFC-123.   
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1. Introduction 

1.1 Montreal Protocol 

In 1987, the Montreal Protocol formally recognized the significant threat of ozone 

depleting substances (ODSs) to the ozone layer and provided a mechanism to phase out the 

global production and consumption of ODSs.  Regulation No. 2037/2000, established by the 

protocol, set specific rules on the usage and phase out dates of ODSs including 

chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs), and halogenated hydrocarbons 

(Halons) [1].  CFCs and HCFCs are chemical substances used primarily as working fluids in 

refrigeration systems while some applications for HCFCs include usage as a component of fire 

suppressants, for both streaming and total-flooding uses [2].  They also function as propellants in 

aerosol and foams, and have some specialized medical uses [3].  Halons have been extensively 

used as fire suppressants in fire extinguishers and flooding systems.  Halons exhibit several 

favorable fire suppressant characteristics. These substances are non-conductive, which makes 

them ideal for use with electrical equipment; they do not leave a residue which minimizes 

damage to equipment; they act very quickly in suppressing fires; and they can be used in 

occupied spaces as their toxicity is low [4].  The primary replacements for the compounds 

banned by the Montreal Protocol have been hydrofluorocarbons (HFCs) which have very low 

ozone depletion potential (ODP) as they do not contain chlorine or bromine.  

1.2 Halon 1301 Replacement in Aircraft Cargo Bay Fire Suppression Systems 

 Currently, a suitable replacement for Halon 1301 (CF3Br, bromotrifluoromethane) in 

aircraft applications has not been found. This has led to a critical-use exemption of Halon 1301 

by the Montreal Protocol for its fire suppression application in aircraft for the protection of crew 

compartments, engine nacelles, cargo bays, dry bays, and fuel tank inerting [4].  Although this 
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exemption was granted, the European Union requires replacement of halon in new design aircraft 

by 2018, and in existing aircraft by 2040 [5].   

The Federal Aviation Administration (FAA) has begun the search for potential halon 

replacements that exhibit similar suppression effectiveness with lower ozone depletion potential 

(ODP) and global warming potential (GWP).  In 1999, the FAA’s Minimum Performance 

Standard for Aircraft Cargo Compartment Halon Replacement Fire Suppression Systems defined 

four fire scenarios for which potential replacements would be tested to address the wide variety 

of fires possible in the cargo compartment of an aircraft.  Bulk load, containerized, surface 

burning, and aerosol can explosion fire scenarios were specified to ensure halon replacements 

could effectively protect an aircraft cargo bay [6].   

1.3 Federal Aviation Administration Aerosol Can Explosion Test  

Reinhardt [7] performed aerosol can explosion tests with Halon 1301, HFC-125 (C2HF5, 

pentafluoroethane), and 2-BTP (C3H2F3Br, bromotrifluoropropene) in an 11,400 liter constant 

volume pressure vessel modeled after an aircraft cargo bay.  The aerosol can explosion test 

involves a fire load of 2.05 moles of propane, 5.87 moles of denatured alcohol, and 5.00 moles of 

liquid water contained in an aerosol can simulator.  The test simulates a situation where a fire in 

an aircraft cargo bay heats up an aerosol can until it explodes, exposing its contents to the fire.  

The test was designed to ensure that suppressing agents could handle the explosion of a can of 

hairspray, for instance, that might be located within luggage stored in the cargo bay.  In the tests, 

the aerosol can contents were housed at around 16 bar before a fast-acting valve was switched 

and the contents were released into the chamber.  Ignition was caused by a continuous DC arc 

across electrodes located 91.4 cm downstream of the valve.  The aerosol can contents spread 

throughout the chamber and mix with the ambient air that contains premixed fire suppressant.  
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Pressure transducers measure pressure, thermocouples measure temperature, a video camera 

captures visual images, and gas sampling probes measure the concentration of oxygen and agent 

during each test. Figure 1 shows a schematic of the setup used during the aerosol can tests [7]. 

 

Figure 1: Illustration of the constant volume chamber used during the FAA aerosol can tests [7]. 

The results of the aerosol can explosion test are shown in Table 1.  Tests performed 

without added agent produced an average peak temperature of 180 °C and an average peak 

pressure rise of 1.7 bar. When Halon 1301 was added to the chamber air at a volume fraction of 

2.5%, the peak pressure rise was 0.28 bar.  When HFC-125 was added at volume fractions of 

6.2%, 8.9%, and 11% the peak pressure rise was found to be about 3.6 bar while when added at 

13.5%, no pressure rise occurred.  When 2-BTP was added at a volume fraction of 3% and 4% 

the peak pressure rise was about 4.3 bar, while for 5% and 6% the peak pressure rise was about 

6.7 bar.  The results of Reinhardt et al show that while there exists a given inerting concentration 

for both HFC-125 and 2-BTP in the aerosol can explosion test, when added at concentrations 
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below the inerting concentration, these substances actually increase the peak pressure rise as well 

as the heat release when compared to the case with no added agent.   

Table 1: Summary of the FAA aerosol can test results. 

Test 
Number Agent 

Agent 
Volume 

Fraction (%) 
Initial 

Temperature (°C) 
Fire 

Event 

Peak 
Temperature 

(°C) 

Peak 
Pressure 
Rise (bar) 

3 None 0 18.3 Yes 197 1.75 

4 None 0 20.0 Yes 164 1.61 

16 Halon 1301 2.5 11.8 Yes 18 0.28 

5 BTP 3 21.1 Yes 569 4.34 

6 BTP 4 18.3 Yes 591 4.34 

9 BTP 5 18.9 Yes 677 6.89 

13 BTP 6 17.2 Yes 797 6.41 

23 HFC-125 6.2 10.0 Yes 552 3.59 

17 HFC-125 8.9 N/A Yes 664 3.65 

19 HFC-125 11 N/A Yes 575 3.59 

20 HFC-125 13.5 9.8 No N/A N/A 
 

1.4 Goals and Objectives 

The goal of the present work is to help understand why sub-inerting concentrations of 

HFC-125 produce overpressures in the aerosol can test and to investigate potential replacements 

that were not considered during the original FAA aerosol can tests.  HFC-125 clearly failed the 

aerosol can test when used as the sole suppressing mechanism.  Similar cargo bay tests were 

performed with a water mist system which was also found to be insufficient [8].  The water mist 

system was then considered in conjunction with a nitrogen system used to reduce the quantity of 

oxygen present in the chamber.  The same concept has been proposed to combine an HFC-125 

system with a nitrogen system. The quantity of nitrogen required for the HFC-125 system to pass 

the aerosol can test has been examined. 
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While studying the effectiveness of HFC-125 as a flooding agent, HCFC-123 

(dichlorotrifluoroethane, C2HCl2F3) was also investigated to determine whether it may 

potentially perform better than HFC-125 in the FAA aerosol can test. HCFC-123 and HFC-125 

are chemically similar with the only difference being the substitution of two fluorine atoms with 

chlorine atoms.  Babashok et al numerically predicted that HCFC compounds are more effective 

flame inhibitors than similar HFC compounds with substituted chlorine atoms [36]. 

1.5 Justification for Studying HCFC-123 

It is important to note that as the treaty stands, HCFC-123 will eventually be banned by 

the Montreal Protocol, as previously mentioned.  Although the original provisions of the 

Montreal Protocol did not place any bans on HCFCs, several amendments have led to an 

agreement to halt HCFC production in developed countries by 2030 [9]. Table 2 provides a 

comparison of the atmospheric lifetime (tatm), GWP, and ODP of various HCFCs currently in use 

[10, 11].  HCFC-123 has the lowest value in all three categories. 

Table 2: Environmental impact of HCFCs currently in use. 

HCFC 

Compound 
Chemical 

Formula 
tatm (yr) ODP GWP 

22 CHClF2 12 0.05 1810 

123 C2HCl2F3  1.3 0.02 77 

124 CHClFCF3 5.8 0.022 609 

142b CH3CClF2 17.9 0.07 2310 

 

Next, it is of interest to compare the environmental impacts of HCFC-123 to that of HFC-

125 and Halon 1301.  Table 3 shows that although HCFC-123 has a much higher ODP than the 

practically zero value for HFC-125, it has the shortest atmospheric lifetime and lowest GWP [10, 
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11]. The ODP is also orders of magnitude less than Halon 1301 which would make it a more 

environmentally friendly replacement if it can pass the FAA aerosol can test.   

Table 3: Environmental impact of Halon 1301 and its potential replacements. 

Suppression 
Compound 

Chemical 
Formula 

tatm (yr) ODP GWP 

Halon 1301 CF3Br 65 12 5400 

HFC-125 C2HF5 29 0.00003 3500 

HCFC-123 C2HCl2F3  1.3 0.02 77 

 

Although HCFC-123 is scheduled to be banned by 2030, studies have been performed [2, 

12] with the aim of quantifying ozone depletion resulting from the release of HCFC-123 and 

potential depletion of continued use of HCFC-123 if an exception were to be made by the 

Montreal Protocol.  Wuebbles et al [12] claim that “analysis of the projected uses and emissions 

of HCFC-123, assuming reasonable levels of projected growth and use in centrifugal chiller and 

fire suppressant applications, suggests an extremely small impact on the environment due to its 

short atmospheric lifetime, low ODP, low GWP, and the small production and emission of its 

limited applications.  The current contribution of HCFC-123 to stratospheric reactive chlorine is 

too small to be measured.”   

When Wuebbles et al [12] performed the study, the use of HCFC-123 was only 

considered in fire suppression applications involving streaming systems. These systems use 

Halotron I as the main suppressing agent which is comprised of 95% HCFC-123 by weight.    

The additional amount of HCFC-123 that would be needed for cargo bay suppression systems 

was not taken into consideration although the amount that may be released into the environment 

if used as a cargo bay suppressant can be estimated based on the number of reported cargo bay 

fires that have occurred in the past.  This is similar to the technique of estimating the leakage rate 
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of HCFC-123 when used in centrifugal chillers as the total amount of refrigerant present in all 

chillers is not the amount considered to be released into the atmosphere.  The FAA records show 

an average of 4 cargo bay fires per year between 1976 and 1996 [13]. The increase in the amount 

of HCFC-123 into the atmosphere would be minimal if it was assumed that HCFC-123 is 

released only during a cargo bay fire event. 

Several factors must be considered during the selection process of a Halon 1301 

replacement.  Although HFC-125 does not deplete the ozone layer, it still has a high GWP.  

Recent proposals have been made to control HFC use by amending the Montreal Protocol. 

Critics of the Montreal Protocol, as it stands, argue that the climate benefit may be reduced or 

lost completely in the future if the emissions of ODS substitutes with high GWPs, such as long-

lived HFCs, continues to increase [14, 15].  If HFCs are banned then that further reduces the 

available compounds that may be considered as replacements.  Although research efforts 

continue in an attempt to find a Halon 1301 replacement, no molecule that possesses all the 

desired properties of the ideal halon have been found and may never be found [16]. Thus, agent 

selection will continue to be application-specific, requiring consideration of the performance, 

safety, and environmental characteristics of the different clean agents [16].  HCFC-123 is not an 

ideal clean agent but if the performance is found to be comparable to Halon 1301 it may be a 

viable replacement.  After all, Halotron I was approved in 1994 under the EPA’s Significant 

New Alternatives Program as a Halon 1211 replacement agent for streaming systems [12]. 

Similar exemptions from an environmental standpoint could be made in the future with regard to 

Halon 1301. 
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2. Approach  

2.1 2L Chamber Setup 

Constant volume combustion experiments were conducted in a 2.54 cm thick, 316 

stainless steel spherical chamber with an inner diameter of 15.24 cm.  The chamber consists of 

two hemispherical sections, each machined out of a block of stainless steel to create two flanged 

sections with no seams or welds.  The hemispherical sections were secured together by eight 3/8” 

diameter bolts.  One hemispherical section has an o-ring groove machined into it so that when 

the sections are bolted together a fluoropolymer o-ring creates a pressure tight seal between 

them.    The chamber design was based off of previous designs [17, 18] which were used to 

perform similar combustion experiments.  Plumbing and electrical schematics are presented in 

Appendix 1.   

Nine tapered ports were machined into the chamber so that various valves, feedthroughs, 

and measurement devices could be connected.  A needle valve was connected to supply gaseous 

mixtures to the chamber.  Upstream from the needle valve was a 5-way valve used to introduce 

air, fuel, agent, and nitrogen.  A needle valve was connected to the chamber as an exhaust path to 

the laboratory gas handling system.  A quarter turn valve with a septum inserted upstream from 

the valve was connected to allow for liquid injection with a syringe. The liquid injection port was 

designed to be pressure tight during injection as well as during combustion as the quarter turn 

valve could be closed.  A toggle valve was connected to create a high pressure (11 bar) nitrogen 

input that was used after each test to cool the product gases before the exhaust valve was opened.  

The nitrogen input was also used to purge the chamber after opening the exhaust valve.  A 

Swagelok pressure relief valve with a maximum working pressure of 34.5 bar was connected to 

the chamber as an extra measure of safety.  The pressure relief valve was set at 11.7 bar and 
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tested periodically to ensure any pressure above the predicted operating pressure would trigger 

the relief valve.  The predicted maximum operating pressure was taken from constant volume 

equilibrium calculations for various hydrocarbon/air mixtures.  Other safety precautions, 

presented in Appendix 2, were taken prior to performing experiments in the 2 L chamber which 

included pressure vessel stress calculations and hydrostatic testing as recommended by ASTM.  

The 2 L chamber setup is presented in Figure 2.   

 

Figure 2: 2 L constant volume combustion chamber used to collect experimental data. 
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2.2 Measurement Devices 

The chamber was equipped an Omega DP87 digital strain indicator with a pressure range 

of 0 MPa to 1.33 MPa to allow for partial pressure mixing. The strain indicator was connected 

through a needle valve so that it could be used at low pressure for mixing and then sealed from 

the chamber so that combustion pressures would not cause damage.  The DP87 gauge has a 

claimed accuracy of 13.3 kPa which is 1% of the full scale reading and was calibrated against a 

Baratron 627D absolute pressure transducer.  The uncertainty in the pressure measurement was 

estimated to be 2% of the reading based on this calibration.   A PCB Piezotronics dynamic 

pressure sensor (model 101A06) was employed to measure the dynamic pressure rise resulting 

from combustion.  A type K Omgea thermocouple was attached to record temperature.  The 

pressure gauges and thermocouple can be seen in Figure 2 and in the plumbing and electrical 

schematics presented in Appendix 1. The dynamic pressure sensor and the thermocouple were 

connected to a National Instruments DAQ and a LabView VI was developed to record and 

tabulate the measurements.  The LabView VI front panel and block diagram can be seen in 

Appendix 3. 

2.3 Ignition Method 

The bottom vertical port was designated for ignition and a section of metal sheathed, 

mineral insulated cable was inserted to create a pressure tight and electrically insulated 

feedthrough.  Central ignition was initialed by fusing a platinum wire 20 mm in length and 0.3 

mm in diameter that was connected to the end of the feedthrough.  The energy released as the 

wire fuses was estimated using two different approaches.  First, the ignition energy was assumed 

to be equivalent to the energy required to heat the wire to the melting point plus the latent heat of 
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fusion. Another variable was introduced which took into account the percentage of wire that was 

melted before the continuity of the circuit was interrupted.  Equation 1 shows this relationship. 

        (     )            (1) 

Where      is the ignition energy,   is the mass of platinum,    is the specific heat,    is the 

melting point,    is the ambient temperature,   is the percentage of wire melted, and    is the 

heat of fusion.  The ignition energy was estimated to be between 7 J and 10 J (both for 0% and 

100% of the wire melted).   

The second method for predicting the ignition energy was to measure the temperature 

increase of an inert mixture that results from fusing the platinum wire.  The temperature rise and 

the ideal gas law can be used to determine the energy released based on the heat capacity of the 

inert gas used during testing. Temperature measurements were recorded during ignition with the 

chamber filled with air and nitrogen.  The two tests yielded ignition energies of 23 J and 9 J 

respectively.  This calculation should be taken as a ballpark estimation as the extent of uniform 

heating within the chamber is unknown. The two methods of predicting the ignition energy 

created from a fusing platinum wire produced ignition energy estimations that are the same order 

of magnitude. The energy required to produce the measured temperature rise in the nitrogen 

mixture (9 J) was within the estimated energy required to fuse the platinum wire (7-10 J). 

Platinum wire ignition was chosen for the following reasons: 

1. Simplicity compared to spark ignition system.  The platinum wire igniter could be made 

available much sooner than the spark ignition system and time constraints justified the 

selection. 
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2. The overdriven nature of the platinum wire ignition was similar to the overdriven nature 

of the aerosol can test ignition system.  Minimum ignition energies for hydrocarbon/air 

mixtures are on the order of 1 mJ [19].  Even if added suppressant increases the 

minimum ignition energy the energy released during the platinum wire ignition was 

estimated to be orders of magnitude larger than required to ignite hydrocarbon/air 

mixtures. 

  The ends of the platinum wire were crimped into connector pins which were then 

inserted into connector sockets that were crimped to the ends of the igniter. The igniter consisted 

of two parallel copper electrodes (57 mm long, 1mm diameter) separated by 4 mm.  The 

electrodes were housed in a mineral insulated cable in order to create a pressure tight seal 

between the chamber and the ambient environment as well as electrical isolation from the 

chamber.  Figure 3 shows the igniter with a platinum wire connected between the electrodes.  

The other end of the igniter was connected to a standard power cord which was plugged into a 

variable transformer AC power supply (Powerstat, model 30N116C) set at 100 V.   

 

Figure 3: 2L chamer igniter feedthrough with a platinum wire crimed connected. 
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2.4 Operating Procedure 

 The 2 L chamber was pressure tested and vacuum tested at the beginning of each testing 

day to ensure the chamber was leak-free.  The chamber was then evacuated for five minutes with 

a vacuum pump.  After evacuation, the chamber was purged with dry air for two minutes.  The 

ignitor was installed and the chamber was evacuated below 1 Torr before sample liquids and 

gases were added to the chamber. 

Sample compounds were added to the evacuated chamber using the method of partial 

pressure mixing.  Liquids components were added to the chamber first to reduce the time of 

vaporization.   Liquids were drawn into a syringe and the liquid mass was measured using a 

Mettler PE 360 DeltaRange.  The scale has a reproducibility of 0.003 g and a results deviation of 

± 0.003 g.  The sample liquids were then injected into the chamber through a vacuum tight 

septum. The order in which liquids were injected into the chamber was based on vapor pressure, 

with the lowest vapor pressure liquids injected first.  Sample liquids used during experiments 

included house de-ionized water, ethanol (The Warner-Graham Company, 200 proof, 

anhydrous), and HCFC-123.  Sample gases were introduced into the chamber after the liquid 

components were injected. The sample gases used during experiments were propane (Scott 

Specialty Gases INC., 99.0% purity), nitrogen (GTS-Welco Inc., 99.95% purity), Halon 1301 

(Great Lakes Chemical Corp), and HFC-125 (Allied Signal Chemicals, 99.5% purity).  The air 

was house compressed air (filtered and dried) which was additionally cleaned by with a 0.01 µm 

filter, a carbon filter, and a desiccant bed to remove small aerosols, organic vapors, and water 

vapor. The relative humidity of the dry shop air was measured with a humidity meter (TSI 

VELOCICALC model 8386) and found to be between 0% and 2%.   Once the final gaseous 
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mixture component was added to the chamber, five minutes was given to allow the contents to 

completely mix and settle as suggested by Metgelchi et al [17].  

Once partial pressure mixing was completed the Powerstat power source was manually 

switched on, delivering 100V, before being switched off.  As the power source is switched on, 

the platinum wire fuses due to high current, thereby generating a thermal ignition source.  The 

igniter feedthrough was disconnected and measurement data collected during combustion was 

stored in an excel file.   

The chamber was exhausted and purged with nitrogen after each experiment.  Nitrogen 

was supplied at 11 bar for five seconds before the exhaust valve was opened.  This reduces the 

temperature of the hot product gases before they passed through the exhaust valve.  Once the 

exhaust valve was opened the nitrogen purge lasted for one minute.  After the nitrogen purge, the 

chamber was evacuated for five minutes using a vacuum pump.  Dry air was used to purge the 

chamber for two minutes in order to ensure the product gases were completely flushed.  This 

process of evacuating the chamber then flushing the chamber with dry air was repeated 3 more 

times. A complete list of procedures used while performing experiments is presented in 

Appendix 4. 

2.5 Assumptions to Simplify ACT Analysis 

The fire resulting from the aerosol can explosion is complex making it difficult to 

examine from first principles.  The approach taken was to break down the entire reaction into 

sections which resemble simpler flame types and to examine these sections using computational 

and experimental tools.  Figure 4, created by Linteris et al [20] illustrates the various regions 

within the test chamber that resemble simplified flame structures.  The partially premixed core 
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was selected as a starting point for analysis as small scale premixed experiments could be 

conducted as could computational simulations. Existing simulation tools can calculate the 

maximum heat release (CEA2 Equilibrium) and the overall reaction rate (PSR) which together 

can be analyzed to classify a mixture from a thermodynamic and kinetic standpoint.  Together, 

the thermodynamics and kinetics will directly control the effectiveness of a fire suppressant 

within a mixture and will determine whether the agent suppresses or enhances a fire in the 

premixed core.  

 

Figure 4:  Illustration of simplified flame types present during aerosol can tests [20]. 

2.6 Description of Premixed Zone 

The aerosol can test is a unique scenario where fuel is released at high pressure into an 

area of premixed air and fire suppressant.  What is unknown is how well the contents of the 

aerosol can mix with the air and agent within the chamber.  In order to examine a “premixed 

core” within the chamber where the air, agent, and aerosol can contents are premixed, a new 
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variable must be established that describes the volume of chamber which the released fuel mixes 

with.  The chamber volume fraction (η) has been introduced so that mixing can be varied in the 

experimental and computational analysis.  Considering η as a variable makes it possible to map 

out all of the possible conditions that may have been present within the premixed zone during 

combustion in the FAA aerosol can tests. 

The second variable that must be considered is the percentage of agent that is premixed 

with air inside the chamber before the aerosol can contents are released.  This variable can be 

controlled so that the minimum concentration of suppressant can be determined.  The percent 

agent within the chamber can also be varied to examine the effects of adding less than the 

minimum inerting concentration which is of particular interest when trying to determine a 

replacement suppression agent for aircraft cargo bays. Reinhardt [7] indicated that “since aircraft 

cargo compartment suppression agents may be present at subinerting design concentrations, 

because of stratification or larger than normal leakage, it is important that replacement agents be 

selected that do not increase the overpressure caused by an exploding aerosol can at 

concentrations below the inerting value.”      

2.7 Converting FAA Chamber Mixtures to 2L Chamber Mixtures 

A full description of the weather on the days which Reinhardt performed the aerosol can 

tests had to be determined in order to perform comparable small scale experiments.  Reinhardt 

did not document conditions such as the outdoor humidity or pressure.  Data regarding the 

weather conditions at Atlantic City International Airport on the days the experiments were 

conducted was taken from Weather Underground archives and incorporated into Reinhardt’s 

summary of tests results [7] to create a spreadsheet that converted the concentration of each 

mixture component in the FAA aerosol can test premixed core to a volume fraction that could be 
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introduced into the 2 L chamber.  The chamber volume fraction (η) for which the contents of the 

aerosol can were assumed to mix with was left as a variable so that 2L chamber input 

concentrations could be determined for any amount of mixing within the FAA chamber.  The 

introduction of weather details ensured the relative humidity of the mixture within the 2L 

chamber was equivalent to the relative humidity within the FAA chamber.  The spreadsheet 

containing the weather information that was used to convert FAA chamber mixtures to 2L 

chamber mixtures is presented in Appendix 5.  The relative humidity is shown in Figure 5 as a 

function of chamber volume fraction (η) considered within the premixed zone. The relative 

humidity was found to be over 100% for mixtures contained in the 2L chamber with η values 

between 0 and 0.8.  The humidity levels were due to the high water content contained within the 

aerosol can.  In order for a mixture within the 2L chamber to be below supersaturation, over 80% 

of the chamber volume must be included with the aerosol can contents.  

 

Figure 5: 2L mixture relative humidity based on the chamber volume fraction (η) assumed to mix with the 

aerosol can contents in the FAA chamber. 
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2.8 Determination of Aerosol Can Fuel Equivalent (ACTe)            

The ACT mixture used in the FAA tests was comprised of 5.87 moles of ethanol, 2.05 

moles of propane, and 5.00 moles of liquid water [7].    Initially, tests conducted in the 2L 

chamber were done using this mixture as the fuel component.  It was quickly determined that the 

addition of liquid reactants to the chamber was a challenging task based on the adsorbing nature 

of the stainless steel apparatus and the soot along the inner walls that may have been present 

within the chamber from prior tests.  This made it difficult to determine the amount of ethanol 

and water present in vapor form within the mixture.  The procedure for adding liquid reactants 

was to draw a vacuum in the chamber until the pressure was below 1 Torr.  The Clausius-

Clapeyron relation was then used to predict the vapor pressure of the liquid based on the 

chamber temperature.  Water was added first due to its lower vapor pressure compared to 

ethanol.  A given mass of water was obtained and injected into the chamber to produce the 

desired volume fraction in the final mixture.  It was observed that after adding the water, the 

pressure within the chamber did not reach the partial pressure which was expected based on the 

Clausius-Clapeyron calculation.  This was thought to be caused by water adsorption into the 

walls of the chamber as well as soot along the walls that formed from previous tests.  The same 

phenomenon was observed when injecting ethanol into the chamber making in difficult to 

accurately measure the amount of liquid reactants present in the vapor phase within a mixture. 

Initially, the vapor pressures of water and ethanol were within 10% of the calculated values.  As 

more tests were performed in the chamber the accuracy of the measured vapor pressures was 

reduced, with measured values 50% or more below the calculated values.   

Due to the adsorbing nature of the chamber walls as well as the time required to clean the 

deposited soot off the walls after each test, a mixture was formulated to simulate the aerosol can 

http://en.wikipedia.org/wiki/Clausius-Clapeyron_relation
http://en.wikipedia.org/wiki/Clausius-Clapeyron_relation
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fuel.   In order to create an aerosol can equivalent mixture (ACTe), properties of the aerosol can 

contents were matched including the adiabatic flame temperature and the carbon to hydrogen 

ratio.  This yielded an equivalent mixture of 5.57 moles of propane and a relative humidity of 

100% was used to simulate the contents of an aerosol can. A relative humidity of 100% was 

chosen for three reasons. First, high levels of saturation were required to match the hydrogen to 

carbon ratio. Second, Figure 5 showed that mixtures within the 2L chamber would be 

supersaturated for the majority of chamber volume fractions (η) involved in the premixed zone.  

Finally, a relative humidity of 100% was chosen based on the inability to accurately insure a 

relative humidity other than 0% and 100%.  It was known that some of the water injected into the 

chamber was going to be adsorbed which would have made it hard to run tests at any given 

relative humidity between 0% and 100%.  Thus, a relative humidity of 100% could be achieved 

by adding extra water to the chamber and what was neither adsorbed nor vaporized would 

remain as liquid water.  The liquid water was assumed to have a negligible effect on the reaction 

of the gaseous mixture. 

Tests performed in the 2 L chamber were used to validate the simulated aerosol can fuel. 

The pressure rise resulting from mixtures containing the ACTe fuel was compared to the 

pressure rise for mixtures containing the actual ACT fuel for the same agent concentration and 

chamber volume fractions. The results of the tests performed for comparison can be seen in 

Table 4.  Initial tests containing the aerosol can mixture were utilized in the comparison as the 

uncertainty in the vapor pressure values were below 10% for the earliest tests conducted in the 

2L chamber.  The error between the measured pressure rise is satisfactory considering the errors 

associated with partial pressure mixing and pressure measurements. 
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Table 4:  Peak pressure rise comparison of mixtures containing actual aerosol can fuel and ACTe fuel.  

% R125 Eta 
ACT 

Mixture     
ΔP (bar) 

Equiv 
Mixture     
ΔP (bar) 

% Difference 

6.2 0.42 8.09 7.67 5.20 

8.9 0.53 5.78 5.70 1.31 

11 0.48 4.53 4.81 6.09 

 

2.9 Relating Chamber Volume Fraction to Equivalence Ratio 

By creating an ACTe fuel, tests were conducted with better accuracy with regard to 

mixture composition.  Simplifying the aerosol can fuel also enabled the comparison of the 

chamber volume fraction involved in reaction (η) to an equivalence ratio (Φ), which is a more 

familiar term used to describe flammable mixtures.  Figure 6 presents the relationship between η 

and Φ for mixtures containing no agent while also including the upper and lower flammability 

limits based solely on the volume percent of propane present within the mixture.  Now, when 

tests are performed they can be viewed in terms of η for comparison to the FAA tests or in terms 

of Φ so that results can be understood better based on a flammability standpoint.  This 

relationship can also be helpful when deciding which values of η should be used for tests in the 

2L chamber.  Mixtures too far from the flammability window may be disregarded as potential 

test cases. 
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Figure 6:  Mixture equivalence ratio (Φ) based on the chamber volume fraction (η) assumed to mix with 

ACTe fuel.  The upper and lower flammability limits of the propane fuel component are also presented as 

bounds for which flammable mixtures are expected. 

When the equivalence ratio is stated for a mixture, it represents the value calculated 

based solely on the air required to oxidize the given amount of propane within the mixture.  

Water is then considered to have volume fraction of 2.5% which reduces the molar fractions of 

propane and air.  Then, agent is added at a specified concentration which displaces only the air 

component of the mixture while the fuel and water molar fractions remain constant. 

  

LFL UFL 
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3. Computational Analysis 

Computational analysis was performed to determine the effects of added agent on mixtures 

containing ACTe fuel and air. The various possibilities of mixtures that might exist in the 

premixed zone during the FAA test were classified based on the amount of chamber volume 

involved (η) and the amount of agent added to the chamber.  The mixtures were then viewed in 

terms of equivalence ratio (Φ) instead of chamber volume fraction (η).  The conversion was done 

so the effects of added agent could be easily comprehended by those not familiar with the FAA 

aerosol can test or the convention of determining mixture composition based on the chamber 

volume fraction involved in the premixed zone.   

3.1 Thermodynamic Equilibrium Calculations 

 Thermodynamics can be applied to determine the theoretical maximum amount of energy 

that can be released during a reaction based on the contents of the reactants.  When a reaction is 

given infinite time to occur, the reactants are assumed to break down and reform into products 

that are considered most stable.  Equilibrium can be applied and the maximum pressure and 

temperature rise can be calculated as well as the composition of the products.  The 

thermodynamic equilibrium conditions of the aerosol can tests, with the ACTe fuel, were 

calculated using CEA2 of Gordon and McBride [21].  The software uses the method of 

minimizing the Gibbs free energy for a large number of species typically present in combustion 

reactions.    

 Constant volume (UV) equilibrium calculations were performed on ACTe fuel mixtures 

with various amounts of added agent.  Halon 1301, HFC-125, and HCFC-123 were added at 

concentrations up to the minimum inerting concentration determined during the FAA tests.  

HCFC-123 was not subject to the FAA test, so as a conservative measure, the minimum inerting 
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concentration was assumed to be equal to that of HFC-125.  Calculations were performed on an 

equivalence ratio basis so that the effects of added agent on mixture flammability could be 

studied.  Appendix 6 presents the script used to compile and execute the CEA2 input files.  The 

equivalence ratio was set for a given script which generated the mixture compositions and the 

mixture density. A text file containing the various percentages of agent to be added to the 

mixture was passed to the script file and the input files were assembled. 

 Calculations were performed with Halon 1301 added to ACTe fuel and air mixtures at 

concentrations up to 5%.  Figure 7 presents the equilibrium final pressure as a function of 

equivalence ratio and percent Halon 1301.  Each line represents a different equivalence ratio 

which can be converted into a given chamber volume fraction using Figure 7.  For lean mixtures 

such as Φ equal to 0.5, added suppressant only slightly increases the pressure rise from 6.65 bar 

with no agent to 7.44 bar with 5% agent.  This is likely due to Halon 1301 having only one 

carbon atom that can react with oxygen in lean environments.  Furthermore, is has been shown 

[5] that Halon does not have its own oxygen demand as the water produced from the 

hydrocarbon/air reactions supply enough O and H molecules necessary to oxidize Halon 1301.  

Overall, the lines representing each equivalence ratio are flat which shows that added Halon 

1301 does not increase the heat release for lean mixtures.  
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Figure 7: Constant volume peak pressure for Halon 1301/air/ACTe mixtures as a function of percent Halon 

1301 added in air for various mixture equivalence ratios (Φ). 

   Calculations were performed with HFC-125 added to the ACTe mixture at 

concentrations up to 13.5% Figure 8 presents the equilibrium final pressure as a function of 

equivalence ratio and volume percent of HFC-125 added to the mixture.  The pressure rise of 

lean mixtures increases considerably as HFC-125 is added. The peak pressure rise occurs within 

the range of 5% to 9% HFC-125 for lean mixtures.  For mixtures with an equivalence ratio (Φ) 

greater than 0.7 the pressure rise begins to fall as agent is added above the volume percent that 

produces peak pressure rise. For leaner mixtures the pressure rise levels out and remains near the 

peak value as more suppressant is added.  Added HFC-125 was found to increase the pressure 

rise of lean mixtures by as much as 50% compared to the similar lean mixtures with no 

suppressant. The computational results for HFC-125 are consistent with the experimental results 

collected by Shebeko et al which showed that lean mixtures of H2 and CH4 with air can be 

promoted by adding fluorinated hydrocarbon inhibitors.  Shebeko et al attributed promotion to 
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the additional heat release during the chemical conversion of the inhibitor [22].  This was 

consistent with the equilibrium calculations based on the observed equilibrium product 

compositions.  

 

Figure 8: Constant volume  peak pressure for HFC-125/air/ACTe mixtures as a function of percent HFC-125 

added in air for various mixture equivalence ratios (Φ). 

 Similar constant volume calculations were performed with HCFC-123. Figure 9 shows 

the equilibrium pressure curves are similar to mixtures containing HFC-125.  The peak pressure 

rise occurs at a slightly higher range of suppressant concentration between 8% and 10%.  Added 

HCFC-123 was also found to increase the equilibrium pressure by as much as 50% for lean 

mixtures.    
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Figure 9: Constant volume  peak pressure for HCFC-123/air/ACTe mixtures as a function of percent HCFC-

123 added in air for various mixture equivalence ratios (Φ). 

HCFC-123 was not studied in the FAA aerosol can test so the results of the constant 

volume equilibrium calculation were compared in Figure 10 to the results for mixtures 

containing HFC-125.  The equivalence ratio values were limited to 0.7, 0.5, and 0.4 to reduce the 

number of plots on the figure and to highlight the differences under lean conditions.  Overall, the 

thermodynamics of HCFC-123 are similar to HFC-125 as expected, based on the chemical 

similarity between compounds which contain the same number of hydrogen and carbon atoms 

which have the largest influence on heat release.   
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Figure 10: Comparison of the peak pressure rise of mixtures containing HFC-125 (solid lines) and HCFC-123 

(dashed lines) for an equivalence ratio (Φ) of 0.7, 0.5, and 0.4. 

3.2 Perfectly Stirred Reactor Calculations  

 The maximum heat release from equilibrium thermodynamics does not fully describe the 

reactions within the FAA ACT test as the reactants only have a finite amount of time to react 

before external effects such as heat loss occur.  Flame extinction within the chamber is controlled 

by the Damkohler number which compares the flow residence time to the chemical time [19].  

To consider the chemical time, the kinetics of a reaction can be studied to determine the overall 

reaction rate of a mixture.  The thermodynamic analysis quantifies how the overall heat release 

changes as agent is added.  Based on this analysis, HFC-125 and HCFC-123 would be better 

classified as fuels rather than suppressants.  What must be understood is how these suppressants 

work.  As active suppressants, they chemically alter the reaction pathways that occur within a 
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such as chlorine, fluorine, and bromine compete within the reaction zone to bond with radicals.  

By reducing radicals from the radical pool that would otherwise bond with other atoms, the 

reaction rate of a mixture is reduced. Overall, halogen atoms reduce radical formation and chain-

branching, both of which decrease the rate of reaction.  By studying the kinetics, a more 

comprehensive analysis can be made that may be able to help describe why HFC-125 causes 

overpressures in the FAA ACT test while Halon 1301 does not. 

 Perfectly stirred reactor (PSR) calculations were performed to determine the overall 

reaction rate of a mixture. A perfectly stirred reactor is an ideal reactor in which perfect mixing 

is achieved inside a control volume [23]. PSR calculations require an input file describing the 

mixture concentrations, residence time, and initial pressure.  The reactor residence time,  , is 

defined as       ̇, where   is the mixture density, V is the reactor volume, and  ̇ is the mass 

flow rate.  A chemical kinetic mechanism is also required as an input to describe the complete 

list of reactions that take place during combustion and the rate at which each reaction occurs.  

The governing equations of conservation of mass, species, and energy form a system of coupled 

non-linear algebraic equations [23] that are solved numerically using the SANDIA PSR code 

[24].     

A script was used to generate input files and execute PSR calculations for a variety of 

equivalence ratios and agent concentrations.  This script was similar to the script used to generate 

the equilibrium calculations.  A separate script was used to iterate the calculations to determine 

the blow-out condition of a given mixture.  A standard PSR calculation requires the input of 

residence time which is equivalent to the time in which the mixture is said to remain in the 

reactor.  The final temperature of the mixture is given as an output, based on the time permitted 

for reactions to occur i.e. the residence time.  As the duration of the residence time increases, the 
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final temperature approaches the adiabatic flame temperature calculated based on equilibrium.  

As the duration decreases, the final temperature decreases to a point where the mixture is not in 

the reactor long enough for any reaction to occur.  The residence time just above the time where 

no reaction occurs is taken as the blow-out condition [20].  With the blowout condition known, 

the overall reaction rate (ωpsr=1/  blowout) can be calculated.        

To describe the reactions involving hydrocarbons, the four-carbon mechanism of Wang 

and co-workers, with 111 species and 784 elementary reactions was employed [25,26]. More 

detailed reactions of ethanol were added based on those of Dryer and co-workers [27-29], adding 

5 species and 36 reactions. A modified version of the NIST HFC starting mechanism [30,31] was 

utilized to describe reactions of hydrofluorocarbons (HFCs) in hydrocarbon flames.  

Modifications were made based on recent experimental measurements and theoretical 

calculations.  A complete description of the modifications was given by Linteris et al [20].  The 

modified HFC sub-mechanism adopted contained 51 species and 600 reactions.  The sub-

mechanism containing bromine was taken from the mechanism of Babushok et al [32, 33] to 

study reacting mixtures containing Halon 1301.  The sub-mechanism added 10 species and 74 

reactions. The final mechanism used during PSR simulations for mixtures containing either 

HFC-125 or Halon 1301 has 177 species and 1494 reactions.   

For mixtures containing HCFC-123, the sub-mechanism describing the chemistry of C1-

C2-chorine containing species was taken from the work of Leylegian et al [34,35].  The block of 

reactions with C1-C2-species containing chlorine and fluorine atoms was adopted from the 

mechanism of Babushok et al [36].  The final kinetic model for inhibition includes 165 species 

and 1353 reactions.  It is important to note that the mechanism of Babushok et al with C1-C2-

species containing chlorine and fluorine atoms was recently developed.  Minimal experimental 
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data exists for validation purposes so care must be taken when analyzing the results of PSR 

calculations using this mechanism.    

PSR calculations were performed on mixtures containing ACTe fuel, air, and Halon 

1301.  Halon 1301 was added up to 5% by volume, which corresponded to the extinguishing 

concentration determined in the FAA tests [7].  Figure 11 presents the results for various mixture 

equivalence ratios (Φ).  The results show that in no case does adding Halon 1301 to lean 

mixtures increase the overall reaction rate. For Φ of 1.0, 0.9, and 0.8 the overall reaction rate 

(ωpsr) steadily decreases as more agent is added.  For Φ of 0.7, 0.6, and 0.5 the overall reaction 

rate steadily declines at first before dropping off sharply. 

 

Figure 11: Overall reaction rate (ωpsr) for Halon 1301/air/ACTe mixtures as a function of percent Halon 1301 

added in air for various mixture equivalence ratios (Φ). 
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PSR calculations were performed on mixtures containing ACTe fuel and HFC-125 at 

concentrations up to the minimum inerting concentration measured during the FAA tests [7].  

Figure 12 presents the overall reaction rate as a function of the mixture equivalence ratio and the 

amount of agent added to the mixture.  For Φ between 1.0 and 0.7, the overall reaction rate 

decreases as agent is added with the maximum overall reaction rate occurring for mixtures 

without agent.  For an Φ of 0.6 the overall reaction rate remains unchanged as agent is added up 

to roughly 5%.  Once more agent is added the overall reaction rate decreases.  For even leaner 

mixtures the overall reaction rate actually increases as agent is added to the mixture. For an Φ of 

0.5 the overall reaction rate (ωpsr) is 613 s
-1

 with no added agent.  The overall reaction rate 

doubles at an agent concentration of 4.75% to 1370 s
-1

.  The increase is even larger when Φ is 

0.4.  The overall reaction rate increases from 16 s
-1

, with no agent, to 685 s
-1

 at an agent 

concentration of 6.25%. This shows that when added to lean mixtures at sub-inerting 

concentrations, HFC-125 enhances the burning rate.    
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Figure 12: Overall reaction rate (ωpsr) for HFC-125/air/ACTe mixtures as a function of percent HFC-125 

added in air for various mixture equivalence ratios (Φ). 

 

PSR calculations were performed on mixtures containing HCFC-123.  The minimum 

inerting concentration of HCFC-123 in the FAA aerosol can test was unknown so calculations 

were performed with a maximum agent concentration equal to the minimum inerting 

concentration of HFC-125.  Figure 13 presents the overall reaction rate for the range of mixtures 

that may exist in the premixed zone of the FAA aerosol can test.  The overall reaction rate (ωpsr) 

declines steadily when Φ is between 1.0 and 0.6.  For Φ equal to 0.5, the overall reaction rate 

decreases as agent is added up to 2%, then flattens out up to an agent concentration of about 

7.5% before decreasing again. For Φ equal to 0.4, the overall reaction rate increases from 16 s
-1

 

to 31 s
-1

 at an agent concentration of 6%.  That is much less of an increase when compared to 

mixtures containing HFC-125 which start out at the same initial overall reaction rate but 

increases to 685 s
-1

 as the agent concentration reaches 6.25%. 
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Figure 13: Overall reaction rate (ωpsr) for HCFC-123/air/ACTe mixtures as a function of percent HCFC-123 

added in air for various mixture equivalence ratios (Φ). 

 

The HCFC-123 PSR results were compared in Figure 10 to the results for mixtures 

containing HFC-125.  The equivalence ratio values were limited to 0.7, 0.5, and 0.4 to reduce the 

number of plots on the figure and to highlight the differences under lean conditions.  The 

simulations show that mixture containing HCFC-123 have lower overall reaction rate compared 

to mixtures containing HFC-125. For Φ equal to 0.5 adding HFC-125 increase the overall 

reaction rate while adding HCFC-123 decreases the reaction rate when compared to mixtures 

containing no agent. For Φ equal to 0.4 the overall reaction rate substantially increases with 

added HFC-125 and stays relatively flat when HCFC-123 is added.   
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Figure 14: Comparison of the overall reaction rate (ωpsr)   of mixtures containing HFC-125 (solid lines) and 

HCFC-123 (dashed lines) for an equivalence ratio (Φ) of 0.7, 0.5, and 0.4. 

HCFC-123 may potentially perform better than HFC-125 in the aerosol can test based on 

kinetics.  From the thermodynamic analysis the addition of HCFC-123 at sub-inerting 

concentrations should have the same effect as HFC-125 on the peak pressure rise.  If the kinetics 

are slowed enough then the added heat release of HCFC-123 may not be an issue.  The pressure 

rise in the chamber may be reduced regardless of the calculated heat release as less of the 

premixed core will have time to react before heat losses and quenching help to extinguish the 

flame.  Kinetic simulations show a reduction in the overall reaction rate as HCFC-123 is added 

to lean mixtures but the required reduction necessary to reduce the amount of premixed core that 

reacts in the FAA chamber is unknown.   The beauty of Halon 1301 is that the kinetics are 

slowed as agent is added, but even if it they are not slowed enough to extinguish the flame, the 
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heat release of the mixture does not increase with the addition of Halon 1301 at any 

concentration below the minimum inerting concentration.  HCFC-123 does not have the ideal 

thermodynamic properties like Halon 1301, but the kinetic effects are an improvement over 

HCF-125.  To determine if the reduction in the overall reaction rate for mixtures containing 

HCFC-123 will help at sub-inerting concentrations, small scale experiments have been 

performed. 
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4. Experimental Results 

Laboratory scale experiments were designed to meet the following objectives: 

1. Provide experimental evidence to support the computational results. 

2. Determine if the supersaturated environment of the aerosol can test may have influenced 

the suppression effectiveness of HFC-125. 

3. Determine the amount of nitrogen required for a dual HFC-125/nitrogen system to pass 

the aerosol can test. 

4. Determine if HCFC-123 may be a better alternative than HFC-125 in cargo bay 

suppression systems based on suppression performance. 

Careful selection of experimental mixtures has allowed for the four objectives to be studied 

simultaneously while performing minimal 2L chamber experimental runs. 

4.1 Determination of Experimental Mixtures  

During the FAA aerosol can tests, a premixed core is assumed to form.  The composition 

of the core is highly dependent on how well the contents of the aerosol can mix within the 

chamber.  Due to the unknown amount of mixing, a wide range in core composition is 

considered to be possible within the chamber.  When performing laboratory scale tests not all 

mixture compositions can be tested based on time restraints so careful selection of experimental 

mixtures is crucial.  Experimental mixtures were selected based on the following criteria: 

1. Select mixtures that can be compared to the FAA test results.  

2. Select mixing that roughly corresponds to the mixing predicted in the FAA tests.  

3. Select mixtures that can be compared to the computational results. 
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4. Select mixtures preferably at the same chamber volume fraction to reduce the number 

of variables so that the pressure rise results from tests with different agent 

concentrations are comparable. 

The mixtures testing in the 2 L chamber were comprised of ACTe fuel, air, and agent.  

The agent concentrations considered were 6.2%, 8.9%, and 11.2% to be consistent with the sub-

inerting concentrations tested during the FAA tests [7].  Figure 15 provides the estimated 

chamber volume fraction (η) involved for mixtures containing HFC-125 in the aerosol can test 

[37].  The estimates are based on η that produces the peak adiabatic flame temperature from 

thermodynamic equilibrium calculations. The chamber volume involved (η) when 6.2% agent 

was added to the chamber is around 0.42.  For 8.9% agent, η is 0.5 and for 11.2%, η is roughly 

0.71.  Although the chamber volume fraction (η) ranges from 0.42 to 0.71, η of 0.5 was chosen 

for all agent concentrations to fulfill the selection criterion of having a similar η value for all 

tests.  Variation in η from one agent concentration to another would make comparing the 

experimental results difficult.  Lastly, choosing η of 0.5 gives a mixture equivalence ratio (Φ) of 

0.57, which is slightly above the lean limit for propane/air mixtures.  This allows the results to be 

compared to the computational results that were performed for lean mixtures. The most 

interesting computational results for mixtures containing HFC-125 were at lean conditions 

ranging from an equivalence ratio (Φ) of 0.4 to 0.6.     
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Figure 15:  Chamber volume fraction (pink) that produces the peak adiabatic flame temperature (blue) for 

mixtures containing the actual aerosol can contents and HFC-125 [37].   

 2 L chamber tests were devised to study the effects of water vapor on mixtures with agent 

concentrations and volume fractions mentioned previously.  Tests were performed on mixtures 

with a relative humidity of 0% and 100%.  The ACTe mixture contains water at a relative 

humidity of 100% to match the high levels of saturation that exist for mixtures consisting of a 

wide range of η.  Mixtures containing the same ratio of propane, air, and agent were studied with 

the water portion removed to form mixture with a relative humidity of 0%.  Tests were also 

performed over a range of oxygen in air.  This was accomplished with nitrogen dilution.  Tests 

were performed in standard air with 21% oxygen and in air containing 20% and 19% oxygen.  

Table 2 summarizes the 12 tests that were conducted with HFC-125.  
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Table 5: Summary of tests conducted with a chamber volume fraction (η) of 0.5 (Φ=0.57)  with various 

relative humidity and oxygen concentrations. 

η=0.5 

Φ=0.57 

Agent Peak 

Concentration 

(%) 

Relative 

Humidity 

(%) 

Oxygen Vol 

Fraction  F/H 

6.2 0 0.21 1.22 

6.2 100 0.21 1.01 

6.2 100 0.20 1.01 

6.2 100 0.19 1.00 

8.9 0 0.21 1.59 

8.9 100 0.21 1.34 

8.9 100 0.20 1.33 

8.9 100 0.19 1.32 

11.2 0 0.19 1.85 

11.2 100 0.21 1.55 

11.2 100 0.20 1.56 

11.2 100 0.19 1.57 

4.2 Relating 2L Chamber Pressure Rise to FAA Chamber Pressure Rise 

Tests were conducted in the 2 L chamber to study the suppression performance of HFC-

125 and HCFC-123 on mixtures containing ACTe fuel and air. Mixtures were introduced into the 

chamber and given time to mix so that they were representative of a premixed core that was 

hypothesized, by Linteris et al [20], to exist within the FAA chamber after the contents of the 

aerosol can were released.  The pressure rise within the 2 L chamber is representative of the 

pressure rise within the premixed zone in the FAA test.  The 2 L pressure rise can be compared 

to overall pressure rise in the FAA chamber by assuming the premixed zone undergoes 

combustion and the remaining chamber volume contents do not react and remain at the initial 

temperature.  By doing so, the pressure rise of the premixed zone can be converted into an 

equivalent volume expansion, given the pressure was held constant, using the ideal gas law 
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(Pf/Pi=Vf/Vi).  Then, the volume of the reacted zone can be added to the volume of the non-

reacted zone.  This total volume can be converted back to a final pressure rise, assuming the 

volume was held constant, using the ideal gas law once again.  Similar work was performed by 

Linteris et al [37] but with one small change.  This technique was used to relate constant pressure 

equilibrium results to the FAA pressure rise.  The first step of converting pressure rise to volume 

expansion was not performed by Linteris et al as the equilibrium calculations were performed at 

constant pressure. 

4.3 Test Results for HFC-125  

Measured 2L chamber peak pressure rise for mixtures containing 21% oxygen in air were 

compared to measured pressure rise in the FAA chamber as an extra check on the validity of the 

mixing assumption and  the ACTe fuel assumption.  Table 6 presents the FAA chamber pressure 

rise for tests with added agent, the estimated pressure rise within the FAA chamber based on the 

2L chamber experimental pressure rise, and the error between the two values.  The experimental 

pressure rise measurements for mixtures containing sub-inerting concentrations of HFC-125 

were consistent with the overpressures observed in the FAA aerosol can test with the largest 

error occurring at an HFC-125 concentration of 11.2%.  The discrepancy is likely caused by the 

selection of a chamber volume fraction (η) of 0.5 while it was predicted that a η of 0.71 was 

required to reach the overpressure measured in the FAA test.  It should be noted that experiments 

were conducted with 11.2% HFC-125 with a chamber volume fraction of 0.71 and the peak 2L 

chamber pressure rise was 0.70 bar which resulted in an predicted FAA chamber pressure rise of 

0.50 bar.  This was less than the estimated FAA chamber pressure rise when η was taken to be 

0.5.  This shows that some other influence such as compressive heating is contributing to the 

pressure rise when 11.2% HFC-125 is added to the FAA chamber.   
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Table 6:  Comparison of FAA chamber pressure rise to the predicted pressure rise based on peak pressure 

measured in 2L chamber.  

% HFC-125 
FAA ΔP 

(bar) 
Experimental FAA ΔP 

(bar) 
% Error 

0 1.68 1.91 13.68 

6.2 3.59 3.53 1.57 

8.9 3.65 3.02 17.26 

11.2 3.59 2.31 35.66 

4.3.1 Effects of Water Vapor on Peak Pressure Rise 

It was observed by Takizawa et al that adding water to fluorocompounds with an F/H 

ratio greater than unity enhanced the flammability range as water vapor participates in the 

combustion reaction by supplying hydrogen atoms [38].  Gmurchyk et al found that the F/H ratio 

in the total reactants has a significant effect on the extinguishing concentrations of HFCs for 

C2H4/air flames under highly dynamic conditions [39].  Due to the high saturation levels found in 

mixtures within the FAA chamber the effect of water vapor on the peak pressure rise of mixtures 

containing HFC-125 was examined to determine if water vapor it contributing to the observed 

overpressures.  

Measured pressure rise for the experiments conducted in the 2 L chamber is presented in 

Figure 16. The addition of water vapor substantially increased the pressure rise for mixtures 

containing 8.9% and 11.2% agent.  The increase in pressure rise was less pronounced for 

mixtures containing 6.2% agent.  This is likely due to a fluorine to hydrogen ratio (F/H) greater 

than unity for mixtures containing 8.9% and 11% agent while mixtures containing 6.2% agent 

exhibit an F/H ratio closer to unity.   
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Figure 16: Peak pressure rise in 2 L chamber for mixtures containing ACTe fuel, air, and HFC-125 with a 

relative humidity of 100% (solid line) and a relative humidity of 0% (dotted line).  The chamber volume 

fraction involved (η) is 0.5. 

For analysis, CEA2 and PSR calculations were performed at each test condition to study 

how HFC-125 and water vapor concentrations affect the adiabatic flame temperature.  The 

adiabatic flame temperatures determined by CEA2 equilibrium calculations are presented in 

Figure 17.  As the agent concentration increases from 6.2% to 11.2% the adiabatic flame 

temperature decreases by roughly 200K for mixture containing a relative humidity of 0% and 

100%.  The effect of water vapor on adiabatic flame temperature appears to be negligible, only 

increasing the temperature by 111 K, 13 K, and 3 K, for 6.2%, 8.9%, and 11.2% agent 

concentrations respectively. 
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Figure 17: Equilibrium adiabatic flame temperature for mixtures containing ACTe fuel, air, and HFC-125 

with a relative humidity of 100% (solid line) and a relative humidity of 0% (dotted line).  The chamber 

volume fraction involved (η) is 0.5. 

The overall reaction rate obtained from PSR calculations is presented in Figure 18.  

Agent concentration had the strongest influence on ωpsr. The reaction rate for mixtures 

containing 6.2% agent was about 1000 s
-1

 while it was closer to 50 s
-1

 for mixtures containing 

11.2% agent.  Water vapor was found to increase ωpsr by a factor of 2.5 for mixtures containing 

8.9% agent and by a factor of 2.8 for mixtures containing 11.2% agent. Added water vapor did 

not have any effect on ωpsr for mixtures containing 6.2% agent due to an F/H ratio at or below 1 

for both cases. 
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Figure 18: Perfectly stirred reactor  prediction of the overall reaction rate for mixtures containing ACTe fuel, 

air, and HFC-125 with a relative humidity of 100% (solid line) and a relative humidity of 0% (dotted line).  

The chamber volume fraction involved (η) is 0.5. 

4.3.2 Effect of Nitrogen Dilution on Peak Pressure Rise 

 The goal of testing mixtures with nitrogen dilution was to find the concentration that 

eliminates the overpressure for mixtures containing sub-inerting concentrations of HFC-125.  For 

comparison purposes, the pressure rise observed during FAA aerosol can tests without added 

agent was reviewed. Two runs were performed that yielded an average peak pressure rise of 1.68 

bar.  The FAA chamber pressure rise can be converted into a 2L pressure rise based on the 

amount of chamber volume (η) assumed to be involved in mixing.  With a chamber volume 

fraction (η) of 0.5 the expected pressure rise in the 2L chamber was found to be 3.36 bar.  This is 

a general comparison which can be used during testing as a benchmark for the maximum 

pressure rise that can occur within the 2 L chamber without causing overpressure in the FAA 

chamber.  An alternative comparison was proposed based on the 2L pressure rise of a mixture 

with no added agent and a chamber volume fraction (η) equal to 0.5.  If the chamber volume 
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fraction involved is similar for two mixtures then the final pressure in the FAA chamber is only a 

function of the pressure rise in the premixed zone which is equivalent to the mixture tested in the 

2L chamber.  Based on the simplified analysis, the remaining volume is assumed to be inert 

regardless of its composition i.e. whether or not it contains agent.  The measured peak pressure 

rise in the 2L chamber for the mixture without HFC-125 was 3.82 bar. The two methods of 

determining the criterion for whether measured peak pressures in the 2L chamber would produce 

overpressures in the FAA aerosol can tests yielded slightly different maximum allowable 

pressures.  The maximum peak pressure for mixtures containing HFC-125 was set at 3.36 bar 

which was taken from the FAA aerosol can tests data which was also the lesser of the two 

calculated values. 

Mixtures containing 21%, 20%, and 19% oxygen in air were tested in the 2 L chamber to 

study the effects of nitrogen dilution on peak pressure rise.  Peak pressure rise of the nine 

mixtures containing ACTe fuel, air, and HFC-125 is presented in Figure 19 as a function of 

HFC-125 concentration.   The line colors represent a volume fraction of oxygen contained in air.  

21%, 20%, and 19% are colored blue, red, and green respectively.  The dotted black line 

represents the peak pressure rise (3.36 bar) that can occur within the 2L chamber without causing 

an overpressure in the FAA chamber.  Any pressure rise above the black dotted line would be 

considered a failure in the aerosol can test. 

It was found that nitrogen dilution resulting in 19% oxygen in air was not sufficient in 

reducing the peak pressure rise measured in the 2L chamber.  Nitrogen dilution must reduce the 

peak pressure rise of mixtures containing 6.2% HFC-125 by almost half.  This was not the case 

as the pressure was reduced by 1.31 bar, or 19%.  The largest reduction in peak pressure rise 

occurred for mixtures containing 8.9% HFC-125.  The pressure rise was reduced from 6.04 bar 
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to 3.84 bar which was a 36% reduction.  Nitrogen dilution resulting in 19% oxygen in air 

successfully reduced the peak pressure of mixtures containing 11.2% HFC-125.  The peak 

pressure went from 4.62 bar to 3.03 bar which is below the maximum pressure rise allowable.    

 

Figure 19: Peak pressure rise of HFC-125 mixtures containing 21%, 20%, and 19% oxygen in air.  The 

chamber volume fraction involved (η) is 0.5.  The horizontal dotted line represents the maximum allowable 

peak pressure in the 2L chamber that will not create an overpressure in the FAA chamber. 

4.4 Test Results for HCFC-123  

Experiments were performed in the 2 L chamber with mixtures containing ACTe fuel, 

air, and HCFC-123.  The mixtures tested were similar to the HFC-125 mixtures with respect to 

agent concentrations and η, with HCFC-123 replacing HFC-125 as the suppressing agent.  

HCFC-123 was not considered in the FAA aerosol can test so mixtures have been selected to 

allow for direct quantitative comparison of the small scale HCFC-123 results to the HFC-125 

results.  Agent concentrations of 6.2%, 8.9%, and 11.2% were added to mixtures with a chamber 
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volume fraction (η) of 0.5 which is equivalent to an equivalence ratio (Φ) of 0.57.  The effects of 

water vapor were studied by performing tests on mixtures containing a relative humidity of 0% 

and 100%.  

4.4.1 Effects of Water Vapor  

 Water vapor was found to have minimal influence on the peak pressure rise of mixtures 

containing HCFC-123. The peak pressure rise of mixtures containing 6.2% HCFC-123 decreased 

by 0.51 bar as the relative humidity was varied from 0% to 100%.  Two factors may be 

responsible for this result:  

1. The number of fluorine atoms is less in HCFC-123 when compared to HFC-125.  The 

overall reaction rate is sensitive to water vapor when the F/H ratio is greater than unity. 

As the number of fluorine atoms is reduced the sensitivity of peak pressure rise with 

respect to water vapor decreases. 

2. Even if the substitution of F atoms with Cl atoms does not have an effect on the 

sensitivity of a mixture to water vapor, unity between halogen atoms (X) and hydrogen 

atoms (H) exists at a HCFC-123 concentration of 7.5%. From the 2L experiments, the 

minimum inerting concentration was closer to, if not lower than, 7.5% which means a 

small window of flammable mixtures could contain an X/H ratio greater than unity. This 

range is dependent on the actual minimum inerting concentration, but the 2L results show 

it is less than 8.9% which is a significant improvement over the minimum inerting 

concentration of HFC-125, which was found to be 13.5% in the FAA aerosol can test.  

Mixtures containing HFC-125 at a concentration between 13.5% and 7.5% can be 

enhanced by the addition of water vapor while this can only happen for mixtures 

containing 8.9% to 7.5% HCFC-123, based on the results of the 2L tests. 
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4.4.2 Effects of Nitrogen Dilution 

Nitrogen dilution was not examined for mixtures containing 8.9% and 11.2% HCFC-123 

as the peak pressure rise was already well below the maximum allowable pressure rise illustrated 

by the black dotted line.  With 21% oxygen in air, the mixture containing 6.2% HCFC-123 

produced a peak pressure rise of 4.87 bar in the 2L chamber, which was above the threshold of 

3.36 bar.  When tests were performed on a similar mixture with 20% oxygen in air the peak 

pressure rise was reduced to 3.30 bar which was below the maximum allowable peak pressure 

rise by 1.7%.   The results show that tests with nitrogen dilution resulting in 20% oxygen in air 

eliminates the overpressure for the mixtures tested with HCFC-123 as the suppressing agent.  

This is a solid result even though tests were not done at lower agent concentrations. From the 

FAA aerosol can test results, HFC-125 produced a consistent overpressure when added just 

below the sub inerting concentration (11.2%) and when added at quantities substantially lower 

the sub-inerting concentration (8.9% and 6.2%). 2-BTP was found to produce a larger 

overpressure when added at concentrations just below the sub-inerting concentration (5% and 

6%) when compared to concentrations much lower than the sub-inerting concentration (3% and 

4%).  Based on the HFC-125 and 2-BTP results, it is predicted that HCFC-123 concentrations 

below 6.2% will not produce an overpressure in the FAA chamber if nitrogen dilution can reduce 

the amount of oxygen in air to 20%.   

4.5 HCFC-123 vs. HFC-125 

Tests results show the minimum inerting concentration of HCFC-123 to be lower than 

that of HFC-125.  Mixtures containing HFC-125 at concentrations of 8.9% and 11.2% 

produced peak pressures in the 2L chamber that would have produced overpressures in the 

FAA chamber.  Mixtures containing HCFC-123 at similar concentrations did not produce 
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any pressure rise in the 2L chamber.  At 6.2% agent the maximum pressure rise was 7.07 bar 

for the mixture containing HFC-125 and 4.87 bar for the mixture containing HCFC-123.  

While the peak pressure rise of HCFC-123 was less than that of HFC-125 when added at 

6.2%, an overpressure is still predicted.  The reduction in peak pressure rise is likely due to 

the reduction in overall reaction rate predicted by the PSR calculations.  As previously 

mentioned, the predicted peak pressure rise from constant volume equilibrium calculations 

was similar for the mixtures containing the two agents.   

 

Figure 20: Peak pressure rise comparison of mixtures containing HFC-125 (blue) and HCFC-123 (red). 
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5. Conclusions 

The following conclusions have been drawn from the computational and experimental work 

designed to increase the understanding of the FAA aerosol can test results. 

1. When HFC-125 is added at sub-inerting concentrations to lean mixtures with an 

equivalence ratio below 0.6, ωpsr  increases.  At an equivalence ratio of 0.4 ωpsr increases 

from 16 s
-1

, with no agent, to 685 s
-1

 at an agent concentration of 6.25%. Generally, 

adding HCFC-123 to lean mixtures does not affect ωpsr with the exception occurring at an 

equivalence ratio (Φ) of 0.4.  The overall reaction rate (ωpsr)  increases from 16 s
-1

 to 31 

s
-1

 which is only 2.2% of the increase that occurs from adding HFC-125.   

2. Water vapor was found to have a substantial influence on the peak pressure rise measured 

for mixtures containing ACTe fuel, air, and HFC-125.  The increase in pressure rise 

resulting in added water vapor increased as the agent concentration increased. Increasing 

the agent concentrations results in a higher F/H ratio.   

3. Nitrogen dilution resulting in 19% oxygen in air was tested for HFC-125 mixtures to 

determine if a duel HFC-125/nitrogen system could pass the aerosol can test. This level 

of dilution was not enough to reduce the pressure rise of mixtures containing 6.2% agent 

below the pressure rise estimated to cause an overpressure in the FAA chamber. 

4. Computation and experimental results support the findings that adding HFC-125 at sub-

inerting concentrations increases the pressure rise of lean mixtures.  The results also 

support the previously estimated values of chamber volume mixing that took place in 

during tests with HFC-125 in the FAA aerosol can test. 
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5. HCFC-123 was found to have a lower minimum inerting concentration than HFC-125.  

The actual value was not determined but tests showed that 8.9% HCFC-123 was capable 

of suppressing the 2L chamber reaction. 

6. HCFC-123 was found to be less sensitive to the presence of water vapor as the minimum 

inerting concentration is closer to the concentration where X/H is unity (X being the 

amount of halogen atoms and H being the amount of hydrogen atoms). 

7. The pressure rise of mixtures containing HCFC-123 was lower than similar mixtures 

containing HFC-125.  This shows that the kinetics are indeed slower than mixtures 

containing HFC-125 but not slow enough to reduce the pressure rise below the level that 

would cause overpressures. 

8. Nitrogen dilution was studied on HCFC-123 mixtures and it was found that adding 

nitrogen resulting in 20% oxygen in air successfully reduced the peak pressure rise (3.30 

bar) below the level that would cause overpressures (3.36 bar). 
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5.1 Future Work 

 Useful information was obtained from the experimental analysis which suggested the 

need for continued work.  The following tasks could be performed to solidify the conclusions 

drawn from this report: 

1. Continue work to estimate the required amount of nitrogen dilution that will stop HFC-

125 from causing overpressures in the FAA chamber. 

2. Determine the minimum inerting concentration of HCFC-123 in the 2L chamber for 

mixtures containing ACTe fuel, air, and agent. 

3. Perform tests at lower concentrations of HCFC-123 to ensure overpressures will not 

occur with nitrogen dilution resulting in 20% oxygen in air. 

4. Measure the burning velocity of mixtures to provide data for kinetic mechanism 

validation. 
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Appendices  

1. 2L Chamber Schematics 
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Electrical Schematic 
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2. Pressure Vessel Safety Considerations 

Stress calculations were performed on the 2 L chamber design to determine the maximum 

allowable pressure rise.   Spherical pressure vessel standards were found in the ASME Boiler and 

Pressure Vessel Code, Section VIII.    Code UG-27 (d) for calculating the thickness of spherical 

shells under internal pressure was used to show the two hemispherical shells were capable of 

withstanding over 2500 bar.  Appendix 2-4 (2) for calculating the stress on internal type flanges 

was utilized to show that the flange and bolts could withstand 400 bar.  Calculations are 

presented in Table 1 and Table 2.  All valves connected to the chamber were rated for at least 

344 bar.  The polymer o-ring that seals the two hemispheres was found to be the constraining 

element with a maximum operating pressure of 100 bar.   

The UG-99 standard hydrostatic test was conducted as an extra safety precaution to 

ensure the chamber could safely operated in the estimated peak pressure range of anticipated 

experiments. Pressure testing a vessel with a liquid such as water is safer as the compressibility 

is much less than a gas.  If any part of the chamber were to burst the water would just trickle out 

unlike a compressed gas that would expand rapidly.  Pressure testing with water also makes it 

easier to find small leaks as the water is evident on the exterior.  Hydrostatic tests were 

performed without the pressure relief valve installed up to 40 bar without any signs of 

deformation or leakage.  Equilibrium calculations were performed for various mixtures at 

atmospheric conditions to show a maximum final pressure of around 11 bar, which is well below 

the 40 bar for which the chamber was pressure tested. 
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Table 1: Integral Flame Calculation. 

 

 
 

 
Table 2: Hemispherical Head Calculation. 
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3. LabView VI Block Diagram and Front Panel 
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4. Complete List of Procedures 

Operating Procedure: 

1. Verify desired initial conditions of test: 

- pressure 

- temperature 

- composition (fuel, air, humidity) 

- ignition type (wire or spark) 

- sensor type (dP/dt, T, or both) 

- locate and get ready to fill in lab notebook book. 

2. Verify that vent is working (Magnehelic gage at 0.2 in. water, vent sucking air, exhaust 

fans audible). 

3. Verify igniter power off.  

4. Turn N2, reactant air, and reactant fuel, and reactant agent bottles on.  

5. Pressure purge chamber (see below). 

6. Pressure test chamber and pressure relief valve (see below). 

7. Vacuum vent chamber (see below). 

8. Install Platinum igniter (see below).   

9. Vacuum test chamber (see below). 

10. Vacuum vent chamber (see below). 

11. Use the vacuum pump to draw a vacuum below 1 Torr. 

12. Add liquids reactants (if applicable) in order from lowest to highest vapor pressure. If 

there are no liquid reactants skip to step 14. 

a. Use syringe to obtain the desired volume of liquid. 

b. Determine the mass of the liquid using the Mettler PE 360 scale. 

c. Record mass and volume into lab notebook. 

d. Remove septum cover and inject liquid into chamber. 

e. Record the pressure at 1 min increments for 10 min or until the pressure increases 

less than 0.02 Torr/min. 

13. Repeat step 12 for each liquid reactant.  

14. Add air to chamber: 

a. Set 5-way valve to air. 

b. Set secondary chamber fill valve to 5-way.  

c. Using the main chamber fill valve to establish the desired air pressure 

d. Record pressure at 1 min increments for 5 min, then record final fill pressure. 

15. Purge fill lines with fuel (propane).  

a. Select propane with fuel selection valve. 

b. Set 5-way valve to fuel. 

c. Switch secondary chamber fill valve back and forth between chamber vac and 5-

way valve 5 times while waiting 10 s each time when the valve is set to chamber 

vac. 

d. End purge with secondary chamber valve facing 5-way valve. 

16. Add fuel (propane) to chamber: 

a. Open the main chamber valve; establish the desired pressure in chamber.   

b. Record pressure at 1 min increments for 5 min, then record final fill pressure. 
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c. Verify main chamber fill valve is closed.  

17. Purge fill lines with agent (CF3BR, R125, or Novec 1230).  

a. Set 5-way valve to refrigerant.  

b. Switch secondary chamber fill valve back and forth between chamber vac and 5-

way valve 5 times while waiting 10 s each time when the valve is set to chamber 

vac. 

c. End purge with secondary chamber valve facing 5-way valve. 

18. Add agent (CF3BR, R125, or Novec 1230) to chamber: 

a. Open the main chamber valve; establish the desired pressure in chamber.   

b. Record pressure at 1 min increments for 5 min, then record final fill pressure. 

c. Verify main chamber fill valve is closed. 

19. Wait 15 min to allow reactants to mix and settle. 

20. Close Omega pressure sensor valve. 

21. Close septum valve. 

22. Plug ignitor into Variac. 

23. Verify N2 inlet valve, Omega pressure gage valve, purge vent valve, main chamber fill 

valve, septum valve, all closed. 

24. Verify thermocouples working. 

25. Verify PCB pressure gage working. 

26. Start Labview vi. 

27. Flip the Variac ignition switch manually for 2 s and then switch it off. 

28. Unplug ignitor plug from Variac. 

29. Open the N2 inlet valve. 

30. Open the Purge vent valve. 

31. Wait 1 min. 

32. Close N2 inlet valve. 

33. Close Purge vent valve. 

34. Test Variac with lamp.  

35. Pressure purge chamber (see below). 

36. Vacuum vent chamber (see below). 

37. Pressure purge chamber (see below). 

38. Vacuum vent chamber (see below). 

39. Verify data is collected. 

40. Shut down DAS. 

41. Shut all gas valves on supply gases.  

 

 

Pressure Purge Chamber: 

1. Verify all chamber valves closed.  

2. Open the Air inlet valve. 

3. Open purge vent valve. 

4. Purge for 2 min. 

5. Close air inlet valve. 

6. Close purge vent valve. 

Pressure Test Chamber and Pressure Release Valve: 
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1. Verify all valves closed. 

2. Set N2 regulator to 170 psig (nominal). 

3. Open N2 inlet valve. 

4. Verify the pressure relief valve opens. 

5. Close N2 inlet valve. 

6. Set regulator to 160 psig (nominal). 

7. Open N2 inlet valve. 

8. Wait 2 min and verify that the chamber pressure has not decreased by more than 2 psig.  

9. Close N2 inlet valve. 

10. Open the purge vent valve and vent chamber to ambient.   

11. Close all valves. 

 

Vacuum Vent Chamber: 

1. Verify chamber pressure is at ambient or lower 

2. Open Omega pressure gage value. 

3. Verify purge vent valve closed 

4. Set secondary chamber fill valve to chamber vac. 

5. Open main chamber fill valve. 

6. Wait for the chamber to reach approximately 100 Torr on Omega readout.  

7. Maintain vacuum for 5 min. 

8. Close main chamber fill valve. 

9. Set 5-way valve to air 

10. Set secondary fill valve to 5-way  

11. Open main chamber fill valve and slowly bring pressure to ambient. 

12. Close main chamber fill valve. 

13. Close secondary chamber fill valve. 

 

Vacuum Test Chamber: 

1. Verify chamber pressure is at ambient or lower. 

2. Open the Omega pressure gage valve.  

3. Set the secondary chamber fill valve to chamber vac. 

4. Open main chamber fill valve.  

5. Wait for the chamber to reach approximately 100 Torr.  

6. Close the main chamber fill valve and wait 2 min. Verify that chamber pressure has not 

increased by more than 0.2 Torr. 

7. Set 5-way valve to air 

8. Set secondary fill valve to 5-way  

9. Open main chamber fill valve and slowly bring pressure to ambient. 

10. Close main chamber fill valve. 

11. Close secondary chamber fill valve. 
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Platinum Igniter Installation: 

1. Verify chamber at ambient laboratory pressure (open purge vent valve, and close.). 

2. Verify igniter power off. 

3. Remove igniter plug from Variac outlet.  

4. Put on Nitrile gloves. 

5. Remove igniter assembly. 

6. Remove old igniter Platinum wire from assembly and discard. 

7. Install new Platinum wire in assembly. 

8. Install igniter assembly. 

9. Discard Nitrile gloves. 

10. Test resistance across igniter leads at plug, and record. 

11. Check for resistance > 1000 Ω from either lead of igniter to chamber body. 

 

 

Procedure for Removing Chamber Wall Soot: 

1. Vacuum vent chamber with vacuum pump for one hour. 

2. Open the Omega pressure gage valve. 

3. Set 5-way valve to air. 

4. Set secondary chamber valve to 5-way valve. 

5. Open main chamber fill valve and raise the pressure in the chamber to 800 Torr. 

6. Open purge vent valve to bring the chamber to ambient pressure. 

7. Close all valves. 

8. Disconnect PCB pressure gage cable, chamber thermocouple, and Nitrogen line from the 

upper half of the chamber. 

9. Use torque wrench to remove connector bolts. 

10. Place cardboard near chamber. 

11. Remove upper half of chamber and place on cardboard. 

12. Put on Nirtile gloves. 

13. Clean inner chamber walls and threaded ports using kim-wipes and bulk ethanol. 

14. Use shop-vac to remove any pieces of kim-wipe left in chamber. 

15. Put upper chamber half back in place and reconnect with bolts. 

16. Reconnect PCB pressure gage cable, chamber thermocouple, and Nitrogen line to upper 

chamber half. 

17.  Vacuum vent chamber. 

 

Safety Considerations: 

42. When removing igniter, be sure igniter is un-plugged and Variac is powered down. 

43. Wear ear muffs when igniting the combustible mixture.  
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44. In the event of a power failure, water leak in the lab, emergency evacuation, etc., shut off 

all valves and leave the room. 

45. The chamber is heavy and is a lifting/dropping hazard.  For lifting, use two people when 

appropriate.  Routine operation of the 2 L chamber does not require removal of the top 

half.  When it does, remove the top fitting (1/2” NPT) and insert the lifting handle to 

make handling easier, and wear leather gloves.   

46. If a supply line fails during the fill procedure, shut off the gas supply to that line. 

 

 

Emergency Shutdown: 

 

1. Each experimental run test time is less than a second, and after an experiment run, there 

are no hazards associated with this tool operating unattended; therefore, the instrument 

itself it does not need to be shutdown in an emergency (see #2 below). 

2. In an event the tool must be shut down immediately, shut all gas-supply valves and turn 

off igniter power supply. 

3. If an alarm occurs for fire, shelter in place, etc., shut off gases at the supply bottle and 

immediately leave the room.  It is not necessary to shutdown the instrument. 

4. If the emergency is in the lab, leave immediately and contact NIST emergency operator 

at extension x2222. 
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5. Summary of FAA Test Results with Mixture Conversion to 2L Chamber [Sunderland] 
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6. CEA2 Equilibrium Script [Linteris] 

# This script generates constant volume input files, executes CEA2 equilibrium, and provides 

final temperature and pressure as the output. 

# Equivalence ratio is determined first from just the fuel and air components. Then a given 

percentage of agent is added to the oxidizer to complete the mixture. Mixtures with a relative 

humidity of 1 have a water volume fraction on 0.025. 

# to run: ./runauvcase conc.inp 

# This is a script to create the input files to run the NASA CEA2 equilibrium code 

# In this example, conc.inp is a vector describing the amount of agent added to a mixture, 

typically ranging from 0 to 12%. 

# The output is the constant volume equilibrium temperature and pressure for each input mixture. 

 

echo "doing" 

pwd 

 

rm jresult.txt 

 

awk 'BEGIN { 

mProp=1.00; 

AFstoic=15.6808; 

#phi must be manually changed 

phi=1.00; 

AF=AFstoic/phi 

MWProp = 44.1; 

MWair=29; 

MWO2=32; 

MWN2=28; 

 

#Agent properties for R123 

MWagent = 152.93; 

mOxid=(AF)*(MWProp / MWair)*(1 / 4.76) 

IdealmolperL = 0.040876319 

mtotal=mProp + mOxid 

nPieces=10 

tempcomma="\",\"" 

tempspace="\" \"" 

temp0="$0" 

temp1="$1" 

temp2="$2" 

temp3="$3" 

} ; 

 

#------------------------------------------------------------------------------------------------- 

# this part creates the input file parts dependent upon the reactants and the run type for CEA2 
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#This line builds the input file based on the specified agent and value of phi. 

{printf("cat << EOF > j%d.inp\nprob case=nullcase  uv\nrho(kg/m**3)=%f\nreac\nname            

C3H8    t,k=    298.15       moles=     %f\nname       CHCL2-CF3    C 2 H 1 CL 2 F 3     moles=     

%f\n                  h,j/mol -757450\nname              O2    t,k=    298.15       moles=     %f\nname              

N2    t,k=    298.15       moles=     %f\noutput siunits trace=1.e-9 plot=p t\nend\nEOF\n\n", 

FNR+10, ( ( ( ( mProp / mtotal ) * MWProp ) + ( ( ( mOxid * (1 - $1 ) ) / mtotal ) * MWair ) + ( 

( ( mOxid * $1 ) / mtotal ) * MWagent ) ) * IdealmolperL ), mProp, mOxid * $1 * 4.76, 

mOxid*(1-$1), mOxid*(1-$1)*3.76)} ; 

 

#This line prints the command to execute the CEA2 equilibrium program after each input section 

{printf("/exports/burner/linteris/NASA.equil.codes/CeaNew/cea2go j%d \n\n", FNR+10)} 

' $1 > make+run_inputfiles ; 

 

#This section groups the inputs together into make+run_inputfiles and then exexutes the file. 

echo running make+run_inputfiles 

chmod +x make+run_inputfiles 

./make+run_inputfiles 

 

#This line collects the final temperature and pressure outputs which were specified to appear in 

the j*.plt output files. 

awk '{print}' j??.plt | sed 's/^[ ]*//g;s/[ ]*$//;s/  / /g' | awk '{print($1, $2)}' | sed 's/ /,/g' > jtemp.txt 

 

#------------------------------------------------------------------------------------------------- 
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