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EXECUTIVE SUMMARY

The use of halons for fire fighting is being phased out due to their deleterious effects on stratospheric -
ozone. This report summarizes the findings of a three-year study designed to characterize and identify
super-effective thermal fire-fighting agents as possible replacements for these widely used compounds.
Four distinct aspects related to the effectiveness of potential thermal agents have been considered. First,
existing thermodynamic databases maintained by NIST have been searched in order to identify chemical
compounds which are predicted to extract large amounts of heat from a combustion zone. Second, two
liquids that were identified as being particularly interesting during the database search were tested
experimentally for their extinguishing effectiveness. Third, detailed chemical-kinetic modeling and
experimental studies of extinguishing volume fractions in simple flame systems were employed to
improve the understanding of the effects of thermal agents on diffusion flames. Fourth, empirical heat
transfer correlations for spray cooling of a surface were used to estimate the efficiencies of surface
cooling by thermal agents.

The database searches used two primary sources—the Design Institute for Physical Properties database
containing 1458 compounds from 83 family types and a smaller database, REFPROP, containing 43
compounds which is tailored to refrigerant applications. Additional substances were included that are not
well represented in these databases. Compounds having high 1) heats of vaporization, 2) liquid-phase
heat capacities, and 3) total heat absorption due to phase changes (if applicable), heating of a liquid (if
applicable), and the heating of the gas phase to combustion temperatures were identified. The results are
reported in tables of compounds ordered in terms of their ability to extract heat.

Two compounds, methoxy-nonaflurobutane (HFE7100) and lactic acid, were identified during the data
base searches as being especially interesting. HFE7100 was predicted to be particularly effective as a
thermal agent and is available commercially. Lactic acid is capable of absorbing large quantities of heat
even though it is very caustic and is flammable at certain volume fractions when mixed with air. Both
agents were tested in the Dispersed Liquid Agent Fire Suppression Screen (DLAFSS) apparatus available
at NIST. The effective extinguishing volume fraction of HFE7100 when released as a liquid was 1.5 %.
Lactic acid was tested in mixtures with water at various concentrations. The acid mixtures were found to
be less effective than water alone, indicating that the lactic acid was reacting and releasing heat that more
than compensated for the heat extraction.

HFE7100 was also tested in a screening apparatus known as the Transient Application Recirculating Pool
Fire (TARPF) that incorporates a flame stabilized behind a bluff body in a turbulent oxidizer flow. The
agent failed to extinguish a propane flame when it was released at nominal volume fractions in air twice

as high as the extinguishing volume fraction measured in the DLAFSS. This observation is attributed to
ineffective mixing.

Even though the effects of thermal agents on diffusion flames have been widely studied, there are
relatively few experimental or modeling investigations of the flame extinguishment process. As a result,
flame extinguishment by thermal agents is incompletely understood. A combined experimental and
modeling study was used to address this concern. Careful experimental measurements of extinguishing
volume fractions by gaseous thermal agents added to air were made for two types of diffusion flames
available at NIST. The first was a coflow laminar flame that has a similar configuration as the cup
burner, which is widely used to test fire-fighting agents, and the second was the modified DLAFSS
apparatus that incorporates a cylindrical porous burner with the fuel released in the opposite direction of
the oxidizer flow (i.e., an opposed flow burner). Measurements were made for two fuels: methane and
propane, and four thermal agents: nitrogen, carbon dioxide, argon, and helium. The results showed that
the counterlfow flame was more difficult to extinguish than the coflow flame and that propane flames




required higher volume fractions of an agent for extinguishment than methane flames. The relative
effectiveness of the agents in volume fraction terms was argon < nitrogen = helium < carbon dioxide.

Detailed chemical-kinetic modeling of opposed-flow diffusion flames was used to obtain insights into the
effectiveness of thermal agents and their mechanisms of flame extinction. This approach is based on the
hypothesis that the maximum flame temperature at extinguishment for a given fuel is a unique value as
long as the agent is nonreactive in the flame. This hypothesis was tested by using experimental values for
the volume fractions of nitrogen required to extinguish porous burner counterflow flames as the basis for
the determination of the maximum flame temperature at extinguishment. This temperature was then used
to determine the predicted extinguishing volume fractions for other agents. The calculations were
performed for nitrogen, carbon dioxide, argon, helium, and water vapor added to the air and for methane
and propane flames. For the methane flame the maximum flame temperature at extinguishment was
calculated to be 1550 K and for the propane flame it was 1433 K.

Comparisons of the predicted extinguishing volume fractions with the experimental measurements
indicated that the chemical-kinetic modeling was capable of accurately predicting extinguishing
conditions. The results for the methane flame were also found to be in good agreement with numerous
published measurements of thermal agent extinguishing volume fractions for heptane pool fires recorded
in cup burner experiments by a number of researchers. In particular, the calculations reproduced the
experimental observation that similar volume fractions of nitrogen and helium are required to extinguish a
flame, despite the fact that the heat capacity for nitrogen is considerably greater. The calculations also

reproduced the experimental finding that propane flames are more difficult to extinguish than methane
flames. :

A series of calculations were performed for gaseous HFE7100. An extinguishing concentration of 5.5 %
was predicted, which is in good agreement with two unpublished experimental values of 6.1 %. Note that
these values are nearly four times greater than the experimental value recorded when HFE7100 was
released as a liquid. Measurements by other workers have indicated that water released as a liquid is also
more effective than is predicted by simply considering the effects of heat removal. At present, these

observations are not fully understood, but they do suggest that liquid agents may gain effectiveness from
additional mechanisms.

An advantage of detailed chemical-kinetic modeling studies is that surrogate agents having properties that
are not physically realizable can be used to investigate specific details concerning extinguishment. A
surrogate agent was specified which reacted over different temperature ranges to extract a predetermined
amount of heat. The calculations showed that the effectiveness of this agent was independent of the
location of heat extraction relative to the flame zone. In a second series of calculations a surrogate agent
was used to isolate the role of dilution on extinguishment. When the agent, which was incapable of
extracting heat, was added to the air, much higher concentrations were required to extinguish the flame
than when heat was extracted. Details of the calculations revealed that extinguishment ultimately
occurred due to oxygen passing through the flame zone as a result of the decreased overall reaction rate.

Calculations of droplet evaporation times using the classical d*-law for the five fluids (water, lactic acid,
C;FsH30, HFE7100, and R338mccq) identified as having the highest latent heat of vaporization (per unit
mass) by the database searches were performed as part of the surface cooling studies. Empirical heat
transfer correlations from the spray surface quenching literature were used to assess the surface cooling
characteristics of these fluids for various heat transfer regimes. Based on these calculations, water and
lactic acid appear to be more effective than the other three fluids for surface cooling applications.




The following recommendations are made based on the ﬁhdings of the study:

1. The effectiveness of HFE7100 as a fire-extinguishing agent should be tested on full- sca]e
fires.
2. Additional studies of the effectiveness of fire extinguishing agents released as li(juids should

be performed with a focus on confirming and understanding their enhanced performance
relative to that expected based on simple heat extraction.

3. Experiments should be designed and performed with a goal of better understanding the
interactions of liquid agent droplets with heated and reacting surfaces. Such an
understanding is needed to better predict the effectiveness of llquld agents and could lead to
improved approaches for dehvermg such agents to a fire.

xiii




L INTRODUCTION

The use of halons for fire fighting is being phased out due to their deleterious effects on stratospheric
ozone. This report summarizes the findings of a three-year study designed to characterize and identify
super-effective thermal fire-fighting agents as possible replacements for these effective compounds.
“Thermal” agents refer to compounds that act simply by extracting heat from a flame zone and lowering
the temperature to a point where combustion can no longer be sustained. These types of agents should be
contrasted with “chemical” agents that generate active chemical species (e.g., the bromine atoms
generated by halons) that interfere with the radical chain branching mechanisms required to sustain
combustion.

There are a number of endothermic physical processes that can extract heat from a gaseous flame zone,
thus lowering the temperature and ultimately leading to flame extinguishment. These include simple
heating (i.e., heat capacity) of an agent, phase changes such as vaporization of a liquid or sublimation of a
solid, endothermic molecular decomposition (note that this process is classed as a physical process as
long as the initial agent and its products do not participate in the combustion chemistry), and simple
dilution which can modify flame temperatures by spreading the heat released by combustion over larger
volumes and by slowing three-body reactions due to lower species collision rates. The flame temperature
is also expected to be a function of the thermal diffusivity of an agent.

Another potentially effective way for thermal agents to extinguish a flame fueled by liquids or solids is to
interact with the fuel surface to lower the temperature to a point where the fuel generation rate is
insufficient to maintain combustion. This mechanism for fire extinguishment has not been extensively

studied, and the physical properties that determine the effectiveness of an agent operating in this mode are
not known.

During this investigation several aspects related to the effectiveness of potential thermal agents have been
considered. One part of the study focused on identifying and testing chemicals likely to be particularly
effective as thermal fire extinguishing agents. Existing thermodynamic data bases maintained by NIST
were searched to select compounds predicted to absorb large amounts of heat as the temperature is raised.
Two chemicals—lactic acid and methoxynonafluorobutane—were identified as being particularly
interesting. The effectiveness of these chemicals were characterized using screening tests developed as
part of the Next Generation Fire Suppression Technology Program (NGP) of the Strategic Environmental
Research and Development Program (SERDP) of the U. S. Department of Defense. A combined
modeling and experimental effort was aimed at improving the understanding of the effects of thermal
agents on fires. This effort was motivated in part by the realization that different types of experiments
yield significantly different estimates for extinguishing concentrations. The effectiveness of the well-
known thermal agents nitrogen, carbon dioxide, argon, helium, and water were emphasized. Fuel effects
were also considered. Lastly, empirical heat transfer correlations for spray cooling of a surface have been
used to estimate the efficiencies of surface cooling by thermal agents that are expected to be very efficient
at extracting heat from combustion regions.

Separate major sections summarize the findings of the three major parts of the study. A fourth section
summarizes the major findings and provides additional discussion, and the final section provides
recommendations for additional research and development. This report incorporates material that is
included in an earlier National Institute of Standards and Technology Internal Report that summarized the
findings of the first year of the effort. [1] Selected aspects have been presented during a number of
technical meetings. [2,3,4,5,6,7,8]




Table 1. Family Typés in the DIPPR Database

1 n-Alkanes

2 Methylalkanes

3 Dimethylalkanes

4 Other alkanes

5 Cycloalkanes

6 Alkylcyclopentanes

7 Alkylcyclohexanes

8 Multi-ring cycloalkanes
9 1-Alkynes

10 2,3,4-Alkenes

11 Methylalkenes

12 Ethyl and higher alkenes
13 Cycloalkenes

14 Dialkenes

15 Alkynes

16 n-Alkylbenzenes

17 Other alkylbenzenes

18 Other monoaromatics
19 Napthalenes

20 Other condensed rings
21 Diphenyl/polyaromatics
22 Terpenes

23 Other hydrocarbon rings
24 Inorganic gases

25 Aldehydes

26 Ketones

27 n-Alcohols

28 Other alcohols (aliphatic)

29 Cycloaliphatic alcohols
30 Aromatic alcohols

" 31 Polyols

32 n-Aliphatic acids

33 Other aliphatic acids

34 Dicarboxylic acids

35 Aromatic carboxylic acids
36 Anhydrides

37 Formates

38 Acetates

39 Propionates & Butyrates

40 Other saturated aliphatic esters
41 Unsaturated aliphatic esters
42 Aromatic esters

43 Aliphatic ethers

44 Other ethers and diethers

45 Epoxides

46 Peroxides

47 C1/C2 Aliphatic chlorides
48 C3 & higher aliph. chlorides
49 Aromatic chlorides

50 C,H,Br compounds

51 C,H,I compounds

52 C,H,F compounds

53 C,H multihalogen compounds
54 n-Aliphatic primary amines

© 55 Other aliphatic amines

56 Aromatic amines

57 Other amines, imines

58 Nitriles

59 C,H,NO2 compounds

60 Isocyanates/diisocyanates
61 Mercaptans

62 Sulfides/theophenes

63 Polyfunctional acids

64 Polyfunctional esters

65 Other polyfunctional CH,O
66 Polyfunctional nitriles
67 Nitroamines

68 Polyfunc. amides/amines
69 Polyfunctional C,H,O,N
70 Polyfunctional C,H,0,S
71 Polyfunc. C,H,O,halides
72 Polyfunc. C,H,N,halides
73 Other polyfunc. organics
74 Elements

75 Silanes/siloxanes

76 Organic-inorganic

77 Inorganic acids

78 Inorganic bases

79 Organic salts

80 Sodium salts

81 Other inorganic salts

82 Inorganic halides

83 Other inorganics

IL. IDENTIFICATION AND TESTING OF POTENTIAL HIGHLY EFFECTIVE THERMAL
AGENTS '

The objective of this sub-task was to identify and test chemical compounds that were particularly
promising as thermal agents. The first step in this process was to search thermophysical property
databases and identify substances that had the potential to be particularly effective fire extinguishing
agents based on thermophysical properties. Two compounds were subsequently tested experimentally
using fire suppression screens developed as part,of the SERDP effort.

A. Screening Based on Thermophysical Properties

We identified two thermophysical property databases to search. The first was the DIPPR (Design Institute
for Physical Properties) Database, version 9.02 [9] which contained 1458 substances from 83 family
types. The families are listed in Table 1. The second database, REFPROP, Version 5, [10] is a much
smaller database tailored to alternative refrigerants. It contains 43 refrigerants including many candidates

for replacing HCFCs. Some are fluorinated ethers (E134, E245) that are not present in the DIPPR
database.




In addition, we wanted to include representative substances from some families of chemicals not well =

represented in existing thermophysical property databases, such as fluorinated ethers, alcohols and
amines. The fluorinated ethers are especially interesting since their atmospheric lifetimes may be
significantly lower than those of chlorofluorocarbons. [11] Some of these have been identified as
possible replacements for blowing agents, refrigerants, fire suppression agents, and as solvents.
[12,13,14,15,16,17] We selected several cyclic fluorinated ether compounds [fluorinated oxiranes,
oxetanes, and furans], some non-cyclic methyl ethers [HFE116, HFE125], fluorinated methyl ethyl ethers
with two or fewer hydrogen atoms [HFE227me, HFE236me], and some larger fluorinated ethers
[perfluorodimethoxymethane (CF;OCF,OCF;), perfluoropropyltrifluoromethyl ether (CF;0CF,CF,CF3),
heptafluoropropyl-1,2,2,2-tetrafluoroethyl ether (CF;CHFOCF,CF,CF;), and methoxy-nonafluorobutane
(C4FsOCHj;, HFE7100)]. In addition to the fluorinated ethers, we added two fluorinated amines to the list
of substances to search and also the alternative refrigerant HFC-338mccq (CH,FCF,CF,CF;) and the
fluorinated alcohol 2,2,3,3,3-pentafluoropropanol (CF;CF,CH,0H).

The physical properties that are important for thermal agents are high latent heats of vaporization and
high liquid and vapor heat capacities. We first searched the databases and the additional fluids mentioned
above for high latent heats of vaporization. For fluids where data were unavailable, we estimated the
critical properties using the NIST Structures and Properties program [18] and then estimated the latent
heats using the approach of Fishtine [19]. We then eliminated substances on the list that either were
identified as flammable, toxic, or had known ozone depletion problems. However, we did not have
complete information on toxicity, so some substances that appear on our final list will need to be
investigated further to determine if there are potential deleterious health effects. We also did not use
global warming potential or electrical conductivity as screening parameters. If one considers global
warming potential, then the fully fluorinated (perfluorinated) alkanes such as R218 and decafluorobutane
would probably have to be ruled out. We used information in the DIPPR database on flash points and
upper and lower flammability limits. The DIPPR database does not contain any information on toxicity
or other health effects. For this information we used manufacturers safety data sheets and Hawley. [20]
We also used the web site at http://chemfinder.camsoft.com/ that gives information on ozone depletion
and global warming. :

Table 2 lists the compounds that remained, in order of decreasing heat of vaporization at the normal
boiling point, and includes R13B1 and water for reference. Table 3 identifies the sources of property data
for critical points, normal boiling points, latent heat of vaporization, and liquid heat capacity. The general
trend shown in Table 2 is quite predictable--the larger molecules have higher boiling points and higher
heats of vaporization. Lactic acid is the only unusual fluid that appears is Table 2--all other fluids are
basically {C, F, H}, {C, F} or {C, F, O} compounds. Lactic acid, CH3CH(OH)COOH, is a strong irritant
to the skin and corrosive in concentrated form and would not be a suitable agent. However, it may be at
least partially soluble in fluorinated ethers such as HFE134 or in alternative refrigerants such as R227ea.

The second property we searched on was liquid heat capacity at the normal boiling point. When data were
unavailable, the liquid heat capacity was estimated using the Chueh-Swanson method. [21] This method
provides the liquid heat capacity at 20 °C based on the structure of a compound. The results are shown in
Table 4 in order of decreasing liquid-phase heat capacity at the normal boiling point and include R13B1
and water for reference. Again, any compounds that were known to be flammable or toxic or to have
known ozone depletion problems were eliminated. Table 4 indicates the same trend that was seen in
Table 2, i.e., that larger compounds have higher boiling points and higher heats of vaporization and heat
capacities. Also, in general, the ethers have higher boiling points and higher heats of vaporization at their
‘normal boiling points than their alkane analogs. The fluorinated alcohol has a high boiling point due to
the hydrogen bonding that occurs in alcohols.




Table 2. Results of Search for Compounds with High Heat of Vaporization at the Normal Boiling

Point
S Compound Ty(K) | AH,g (kJ/mol) u

lactic acid, C3HsO3 , 455 59.2
water 373.1 40.0
2,2,3,3,3-pentafluoropropanol, C;FsH;O 353.15 37.6
perfluoro-2-butyltetrahydrofuran, CgF;s0 375.15 35.4
methoxy-nonafluorobutane, HFE7100 , 334.0 30.3
heptafluoropropyl-1,2,2,2-tetrafluoroethyl ether 315.2 29.0
difluoromethyl-1,2,2,2-tetrafluoroethyl ether, E236me 296.5 26.9
1,1,1,2,2,3,3,4-octafluorobutane, R338mccq 301 26.8
tris(difluoromethyl)amine, CsH3F¢N 275 25.8
1,1,2,2-tetrafluorodimethylether, E134 ‘ 279.4 25.4
1,1,1,2,3,3-hexafluoropropane, R236ea 279.7 25.1
perfluorotrimethylamine, C;FsN 264 23.9
trifluoromethyl-1,2,2,2-tetrafluoroethyl ether, E227me 263.6 23.7
octafluorocyclobutane, C4Fg 267 23.2
decafluorobutane, C4F;o - 271 23.2
perfluorodimethoxymethane, CF;0CF,OCF, 263 23.1
perfluoropropylmethyl ether, C;F,0CF; 279.9 22.8
bis(trifluoromethyl)ether, E116 257 22.8
octafluorofuran, C4FsO ' 272.42 22.7
1,1,2,2-tetrafluoroethane, R134 : 250 22.5
1,1,1,2-tetrafluoroethane, R134a 247 223
perfluoroisobutane, CsF;o 252.45 220
octafluoro-2-butene - 270.4 21.7
1,1,1,2,3,3,3-heptafluoropropane, R227ea 257.5 214
perfluorooxetane, C;FsO , 244.0 20.9
pentafluorodimethylether, E125 235 20.0
octafluoropropane, R218 : 236.4 19.7
hexafluoropropylene 243.5 19.4
pentafluoroethane, R125 225.2 19.1
bromotrifluoromethane, R13B1 215.26 17.4
hexafluoroethane, R116 194.95 16.1

In addition to looking at the latent heat of vaporization and the liquid heat capacity at the normal boiling
point, one may also look at the total heat absorbed in going from the fluid at room temperature up to a
temperature of 1400 K, which was selected as a representative combustion temperature. Other choices
are possible including the calculated maximum flame temperatures of 1550 K and 1433 K identified
below during the detailed chemical-kinetic modeling of methane and propane flames, respectively. The
actual value used is unlikely to affect the relative ordering of agents. The total heat absorbed consists of
three contributions, ‘ : !

AH™% =AH +AH ,+AH ,, (1)




Table 3. References for Propérty Data (Critical Point, Normal Boiling Point, Heat of Vaporization,

Liquid Heat Capacity)

Compound A References “
perfluoro-2-butyltetrahydrofuran, CgF;c0 22,21,19
methoxy-nonafluorobutane, HFE7100 23,21,19
lactic acid, C;HgO; - ' 9
heptafluoropropyl-1,2,2,2-tetrafluoroethyl ether 18,21, 19
decafluorobutane, C4F o 9
perfluoropropylmethyl ether, C;F,0CF; 24,21, 19
perfluorodimethoxymethane, CF;OCF,OCF, 25,21, 19

| octafluoro-2-butene 9
octafluorofuran, C4FzO 24,21, 19
octafluorocyclobutane, C4Fg ‘ 9
perfluorotrimethylamine, C;FoN - 18,21, 19
1,1,1,2,3,3,3-heptafluoropropane, R227ea 10
perfluoroisobutane, C4F o 12,21, 19
tris(difluoromethyl)amine, C;H;FgN 18,21, 19
trifluoromethyl-1,2,2,2-tetrafluoroethyl ether, E227me 26,21,19
1,1,1,2,2,3,3,4-octafluorobutane, R338mccq 27,21, 19
1,1,1,2,3,3-hexafluoropropane, R236ea 10
difluoromethyl-1,2,2,2-tetrafluoroethyl ether, E236me 26,21,19
octafluoropropane, R218 10
2,2,3,3,3-pentafluoropropanol, C;FsH;0 28,21,19 -
perfluorooxetane, CsFsO ' 25,21, 19
1,1,2,2-tetrafluorodimethylether, E134 _ 29
bis(trifluoromethyl)ether, E116 18,21, 19
hexafluoropropylene : ‘ 9
pentafluorodimethylether, E125 , 24,21,19

.| pentafluoroethane, R125 10

1 1,1,2,2-tetrafluoroethane, R134 10
hexafluoroethane, R116 , 10
1,1,1,2-tetrafluoroethane, R134a , 10
bromotrifluoromethane, R13B1 1
water 9

where the first contribtion, AH|, is the heat involved in taking the liquid from room temperature up to the

normal boiling point, T}, ’

AH =[pe Clddr. (2)

Since the heat capacity of a liquid does not change significantly over a small temperature range, we used
the value of liquid heat capacity at the normal boiling point. If this was unavailable, we estimated the
liquid phase heat capacity at 20 °C using the method of Chueh and Swanson. [21] The second term, AH,,
is the latent heat of vaporization at the normal boiling point. The third contribution, AHj, is found by
integrating the gas-phase heat capacity from the normal boiling point to 1400 K,




Table 4. Results of Search for Compounds with High Liquid Phase Heat Capacities at the Normal

Boiling Point '
Compound T, (K) | C,(J/mol K)
perfluoro-2-butyltetrahydrofuran, CgF1c0 375.15 364.2
methoxy-nonafluorobutane, HFE7100 334.0 292.8
lactic acid, C3Hg¢O; 455 290.1
heptafluoropropyl-1,2,2,2-tetrafluoroethyl ether 315.2 269.6
decafluorobutane, C4F; 271 241.4
perfluoropropylmethyl ether, C;F,OCF; 279.9 2319
perfluorodimethoxymethane, CF;OCF,OCF; 263 226.0
octafluoro-2-butene ' 270 218.1
octafluorofuran, C4F3O 272.42 217.6
octafluorocyclobutane, C4Fg 267 208.1
perfluorotrimethylamine, C3FoN _ 264 204.0
1,1,1,2,3,3,3-heptafluoropropane, R227ea 257.5 200.1
perfluoroisobutane, C4F; 252.45 196.8
tris(difluoromethyl)amine, C;H;FgN 275 194.6
trifluoromethyl-1,2,2 2-tetrafluoroethyl ether, E227me 263.6 187.9
1,1,1,2,2,3,3,4-octafluorobutane, R338mccq 301 186.4
1,1,1,2,.3,3-hexafluoropropane, R236ea 279.7 185.4
difluoromethyl-1,2,2,2-tetrafluoroethyl ether, E236me 296.5 184.9
octafluoropropane, R218 236.4 183.8
2,2,3,3,3-pentafluoropropanol, C;FsH;0 353.15 173.5
perfluorooxetane, C;FsO 244.0 171.9
1,1,2,2-tetrafluorodimethylether, E134 279.4 150.8
bis(trifluoromethyl)ether, E116 257 150.3
hexafluoropropylene 243.5 148.2
pentafluorodimethylether, E125 : 235 147.1
pentafluoroethane, R125 225.2 134.2
1,1,2,2-tetrafluoroethane, R134 ) 250 133.3
hexafluoroethane, R116 , 194.95 130.6
1,1,1,2-tetrafluoroethane, R134a 247 129.4
bromotrifluoromethane, R13B1 215.26 100.3
water 373.1 76.0
AH = [*0% C8*dT. (3)

We estimated the gas phase heat capacities using the method of Rihani and Doraiswamy [30], which is
based on structural contributions. For agents with boiling points below 298 K, the total heat involved is
just the contribution AH,. Table 5 summarizes the results of this computation, with compounds listed in
order of their AH"* expressed on a molar basis (kJ/mol). Table 6 gives the same quantity, but expressed

on a mass basis (kJ/kg). We have also included some common agents such as nitrogen, argon, water and
carbon dioxide for comparison.

The results of Table 5 indicate that the top candidates for streaming agents (defined here as having boiling
points higher than 293 K), on a molar basis, are perfluoro-2-butyltetrahydrofuran, methoxy-
- nonafluorobutane, heptafluoropropyl-1,2,2,2-tetrafluoroethyl ether, and 1,1,1,2,2,3,3,4-octafluorobutane.




Table 5. Results of Search for Compounds with High AH™ (Mblar Basis)

| Compound T,(K) | aH™® (kJ/mol)
perfluoro-2-butyltetrahydrofuran, CgF;60 375.2 608.4
heptafluoropropyl-1,2,2,2-tetrafluoroethyl ether "315.2 421.9
methoxy-nonafluorobutane, HFE7100 334 407.6
perfluoropropyltrifluoromethyl ether,CF30CF,CF,CF; 279.9 336.3
perfluoroisobutane, C4F ;o 252.5 321.2
1,1,1,2,2,3,3,4-octafluorobutane, R338mccq 301 321.0
decafluorobutane, C4F; 271 318.5
octafluorocyclobutane, C,Fg 267 303.2
perfluorotrimethylamine, C;FoN 264 293.8
lactic acid, CsHgO4 455 2929
perfluorodimethoxymethane, CF;OCF,0OCF; 263 286.8
octafluorofuran, C4FsO 272.4 289.8
2,2,3,3,3-pentafluoropropanol, C;FsH;0 353.15 280.8
octafluoro-2-butene 270 261.9
tris(difluoromethyl)amine, C;H;FeN 275 256.5
trifluoromethyl-1,2,2,2-tetrafluoroethyl ether, E227me 263.6 255.3
perfluorooxetane, CsF¢O 244.0 252.9
octafluoropropane, R218 236.4 250.8
difluoromethyl-1,2,2,2-tetrafluoroethyl ether, E236me 296.5 2394
1,1,1,2,3,3,3-heptafluoropropane, R227ea 257.5 236.5
1,1,1,2,3,3-hexafluoropropane, R236ea 279.7 222.2
bis(trifluoromethyl)ether, E116 257 196.2
hexafluoropropylene 2435 192.9
pentafluorodimethylether, E125 235 183.8
hexafluoroethane, R116 19495 | 181.1
1 1,1,2,2-tetrafluorodimethylether, E134 1 279.4 170.2
pentafluoroethane, R125 225.2 166.8
1,1,1,2-tetrafluoroethane, R134a ‘ 1 247 156.8
1,1,2,2-tetrafluoroethane, R134 250 152.8
bromotrifluoromethane, R13B1 215.26 110.9
water 373.1 87.5
carbon dioxide N/a 56.2
nitrogen ' 77.4 347
argon ‘ 87.3 22.9

Table 6 indicates that methoxy-nonafluorobutane (HFE7100) is high on the list when expressed on a mass
basis. Methoxy-nonafluorobutane is available commercially [23], the others are not available
commercially but have been synthesized and used for research [24,25,26]. The top total-flooding
candidates (defined as having boiling points lower than 293 K) are perfluoropropyltrifluromethyl ether,
perfluoroisobutane, decafluorobutane, and octafluorocyclobutane. Of these, decafluorobutane and

octafluorocyclobutane are available commercially. {31] All of these compounds contain only C, H, F,
and O. _

As noted above, HFE7100 is ranked near the top of the compounds ordered in terms of their predicted
ability to extract heat upon heating from room temperature to a typical combustion temperature. This




Table 6. Results of Search for Compounds with High AH™ (Mass Basis)

Compound T(K) | aH® (ki/ke)

water 373.1 4855.7
lactic acid, C;H¢O5 455 3251.6
2,2,3,3,3-pentafluoropropanol, C;FsH;0 : 353.15 1872.0
methoxy-nonafluorobutane, HFE7100 334 1630.4
1,1,1,2,2,3,3 4-octafluorobutane, R338mccq 301 1588.7
1,1,1,2-tetrafluoroethane, R134a 247 1536.8
tris(difluoromethyl)amine, C;H;FgN 275 1535.5
perfluorooxetane, C;F¢O 244.0 1523.2
octafluorocyclobutane, C4Fg 267 1515.8
1,1,2,2-tetrafluoroethane, R134 250 1497.6
heptafluoropropyl-1,2,2,2-tetrafluoroethyl ether 315.2 1475.0
perfluoro-2-butyltetrahydrofuran, CgF;c0 375.2 1462.3
1,1,1,2,3,3-hexafluoropropane, R236ea : 279.7 1461.4
1,1,2,2-tetrafluorodimethylether, E134 279.4 1442.0
difluoromethyl-1,2,2,2-tetrafluoroethyl ether, E236me 296.5 1424.7
1,1,1,2,3,3,3-heptafluoropropane, R227ea : 257.5 1390.9
pentafluoroethane, R125 225.2 1389.8
trifluoromethyl-1,2,2,2-tetrafluoroethyl ether, E227me 263.6 13724
pentafluorodimethylether, E125 235 1351.3
perfluoroisobutane, C4Fyo 252.5 1349.6
octafluorofuran, C;F:O 2724 1341.5
decafluorobutane, C4Fq 271 1338.2
octafluoropropane, R218 236.4 1333.8
perfluorotrimethylamine, CsFoN 264 1329.3
perfluoropropyltrifluoromethyl ether, CF;0CF,CF,CF; 279.9 1323.9
hexafluoroethane, R116 , 194.95 1312.2
octafluoro-2-butene : 270 1309.2
perfluorodimethoxymethane, CF 3OCF20CF 3 , 263 1303.5
hexafluoropropylene 243.5 1285.8
carbon dioxide, CO, , n/a 1276

bis(trifluoromethyl)ether, E116 _ 257 1273.9
nitrogen, N, - 774 1238.3
bromotrifluoromethane, R13B1 215.26 | 744.7

argon ) 87.3 573.2

particular compound was developed as a replacement for ozone-depleting chemicals used in a variety of
applications. It has been estimated to have a zero ozone depletion potential, a relatively low global
warming potential, favorable toxicological properties, and good materials compatibility properties. [23] It
has been approved under the Significant New Alternatives Policy (SNAP) of the United States
Environmental Protection Agency. There is an existing patent dealing with use of HFE7100 as a fire-
extinguishing agent. [32] Based on these favorable properties, it was decided to experimentally
characterize the extinguishing capability of HFE7100.

The data included in Table 6 indicate that lactic acid is predicted to be highly effective as a thermal agent.
Clearly, this compound is not a potential candidate as a fire suppression agent due to its high boiling and
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" Figure 1. The relative contributions of liquid heating, vaporization, and gas heating to 1400 K to the total
heat absorbed by various thermal agents on a per mole basis are shown as bar graphs.

melting points and caustic nature. It is also an organic compound and may be combustible. However,
based solely on its ability to extract heat, it is predicted to be nearly twice as effective on a mass basis as
any of the other potential thermal agents considered, except water. Its ability to extract heat is predicted
to be roughly 2/3 of that of water on a mass basis and 3.5 times greater on a molar basis. Since lactic acid
is soluble in water, it was deemed worthwhile to investigate the suppression characteristics of mixtures of
these two polar liquids. As described below, the extinguishing effectiveness of water/lactic acid mixtures
was experimentally investigated.

In order to better understand the effectiveness of thermal agents, experimental and modeling
investigations of flame extinguishment by the widely recognized and investigated gaseous thermal agents
nitrogen, carbon dioxide, argon, helium, and water were also carried out. It is of interest to compare the
relative contributions of the various heat extraction mechanisms included in Eq. (1). Figure 1 shows a bar
plot of the three heat extraction processes for the four gaseous agents, the two liquid agents identified for
further investigation, and water in terms of heat extraction per mole of agent. On a molar basis HFE 7100
is predicted to be the most effective, with lactic acid a close second. The contribution of liquid processes
to the total heat extraction is relatively small for HFE7100. Liquid water is predicted to be the next most
effective due primarily to the relatively high heat absorbed during evaporation. The four gaseous agents
are predicted to be relatively ineffective and are ordered CO, > N, > Ar = He. '
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Figure 2. The relative contributions of liquid heating, vaporization, and gas heating to 1400 K to the total
heat absorbed by various thermal agents on a per mass basis are shown as bar graphs.

The results included in Figure 1 have been replotted in Figure 2 on a per mass basis. The plot now has a
very different appearance. The most effective agent in these terms is helium followed by water and lactic
acid. On this plot the role of heat extraction by heating and vaporization of the liquid agents is clear. It
can be seen that for water over half of the heat extraction arises from the liquid processes. For lactic acid
the contribution of liquid vaporization to the total heat extraction is significant, but greatly reduced as
compared to water. The large differences between the HFE7100 and lactic acid and water are due to
hydrogen bonding that exists in water and lacti¢ acid. This bonding significantly increases the amount of
heat energy required to vaporize liquids when it is present.

Note that nitrogen and carbon dioxide are predicted to extract roughly the same amount of heat per kg,
while the amount extracted by gaseous HFE7100 is only slightly higher. In fact, it has been found that for
a number of gaseous species expected to act primarily as thermal agents the mass required to extinguish a
fire is roughly constant. [33] However, it is clear from the results shown in Figure 2 that this criterion

should only be used to provide guidance and that it is not generally applicable to a wide range of
molecular species.




Table 7. Some Properties of Lactic Acid Taken From Reference [9]

Property

Molecular weight (kg/kmol) 90.097

Normal boiling point (K) 490.0

Critical temperature (K) 675.0

Latent heat of vaporization at normal boiling point (J/kmol) 5.92 x 10’
Standard heat of combustion (J/kmol) - 1.228 x 10°
Flash point (K) . 410.0
Lower flammability limits (vol %) : 3.1
Upper flammability limits (vol %) i 18.0

B. Experimental Testing of Lactic Acid and HFE7100

Two chemicals—lactic acid and HFE7100—were identified in the last section as being particularly
interesting as potential highly effective thermal agents. In this section the effectiveness of these agents
are tested using experimental screens developed as part of the NGP.

1. Lactic Acid

Table 7 summarizes some of the thermophysical properties of lactic acid. Despite its expected ability to
withdraw significant levels of heat from a flame zone, lactic acid is flammable. There will be competitive
effects between the heat release and heat extraction in the suppression processes. One approach for
mitigating the effect of the heat release is to mix lactic acid with a good thermal agent like water, which is
miscible with lactic acid. The mixing of lactic acid with water may also offer potential synergistic effects
for fire suppression effectiveness. For these reason, our main focus is the fire suppression performance of
various lactic acid and water mixtures delivered to the flame in the form of droplets.

a) Estimation of the latent heat of vaporization for lactic acid/water
mixtures

In order to explore the effectiveness of a lactic acid/water mixture as a potential thermal agent, it is
necessary to know the latent heat of vaporization for the mixture. The estimation of the latent heat of
vaporization for this case is more complicated than for a pure fluid. At constant pressure, the liquid
begins to boil once it is heated to the bubble-point temperature for the mixture. At this time, the
composition begins to change (unless it is an azeotrope). As the vaporization continues at constant
pressure, the more volatile substance (water in this case) concentrates in the vapor phase, while the liquid
phase becomes more concentrated in lactic acid. The temperature gradually increases from the bubble
point temperature to the dew point temperature. Equilibrium phase diagrams have been constructed for
the gaseous and liquid lactic acid/water mixtures. Figure 3 shows a T-x,y diagram (x and y refer to the
mole fractions of the liquid and vapor phase, respectively, at a given temperature T) for lactic acid/water
mixtures at a constant pressure of 101 kPa (1 atmosphere). The absence of a temperature where the two
lines meet indicates that lactic acid and water do not form an azeotropic mixture. The T-x,y diagram was
constructed using the Peng-Robinson equation of state with a binary interaction parameter of 0.88 [34].

If one assumes that the entire sample is vaporized, then the integral heat of vaporization at constant
pressure can be found using AH, = H; — H,, where H, is the enthalpy of the saturated vapor at the dew
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Figure 4. Enthalpies for the saturated vapor at the dew point (@) and saturated liquid at the bubble point
() are plotted as a function of watet mole fraction for lactic acid/water mixtures.

point and H, is the enthalpy of the saturated liquid at the bubble point. Figure 4 shows the enthalpies of
the saturated vapor at the dew point and the saturated liquid at the bubble point.

The latent heat of vaporization (kJ/mol) was calculated and fit to a polynomial of the following form,

AH, = 62.35+51.71x-130.1x* +57.92x* , (4)
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Figure 5. The enthalpy of vaporization for lactic acid/water mixtures for a pressure of 101 kPa is plotted
as a function of the water mole fraction.

where x is the mole fraction of water. This relationship is illustrated in Figure 5. Compared to neat
water, there is more than a one and a half fold increase in the latent heat of vaporization at a water mole
fraction of 0.2.

b) Experimental system

The fire suppression effectiveness of lactic acid/water mixtures was examined using the NIST Dispersed
Liquid Agent Fire Suppression Screen (DLAFSS) Apparatus. The apparatus was built under the auspice
of the NGP, and it is described in a published report. [35] ' A more detailed description of the apparatus

and the experimental procedure is available in a NISTIR [36]. Figure 6 shows a schematic for the
DLAFSS.

Briefly described, the apparatus consists of a small vertical wind tunnel, a porous cylindrical burner
located at the test section, and a small nebulizer located in the settling chamber of the tunnel. The open
circuit wind tunnel incorporates a diffuser followed by a flow conditioning section consisting of
honeycomb, screens, and a settling chamber. The settling chamber is connected to the 10 cm x 10 cm

square cross section, 20 cm long test section by a contraction. Air is supplied to the tunnel via a
frequency-controlled blower.

The burner was located near the base of the test section and was constructed from a 3.18 cm long sintered
stainless-steel threaded cup filter with a 1.58 cm outer diameter. Fuel was piped to the inside of the filter
and exited through the porous surface. Water cooling was used to limit preheating of the fuel. A thin
coat of high-temperature black paint was applied to the end of the filter and one half of the cylindrical
surface to limit the fuel flow to a 180° section of the cylinder face. The burner was aligned in the test
section with the open side facing downwards In this way fuel, was released as a counter flow to the
oxidizer flow over an area of 7.9 cm® This type of burner configuration is often referred to as a “Tsuji

burner”. The fuel for the burner was propane with a volume flow rate of 2 L/min, corresponding to a
nominal velocity of 4.2 cm/s.
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Figure 6. A schematic of the dispersed liquid agent fire suppression screen (DLAFSS) apparatus is
shown.

The nebulizer, located in the settling chamber, is used to generate a small poly-dispersed spray of liquid
droplets. The droplet Sauter mean diameters (measured using a phase Doppler interferometer) at the
burner location without the flame, varied between 25 um and 35 um under the test conditions. The
experiments were conducted by increasing the airflow through the tunnel with a fixed liquid delivery rate
to the nebulizer. The droplets were entrained by the airflow and were transported to the test section. The
air velocity at which the flame at the forward stagnation region of the burner was blown-off was used as
an indicator for comparing fire suppression efficiencies of various lactic acid/water mixtures.

C) Experimental results for lactic acid/water mixture fire suppression
effectiveness

Figure 7 shows the test results for three lactic acid/water mixtures. These mixtures were made by diluting
a commercial stock solution of lactic acid in water with a lactic acid mass fraction of 88.5 %. Dilutions of
the stock solution with water by one-third, a half, and two-thirds yielded lactic acid mass fractions of 22.1
%, 44.3 %, 59 %, respectively. The undiluted stock solution was not tested because it was so viscous it
caused the syringe pump, used to deliver the liquid to the nebulizer, to stall. Each data point in Figure 7
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Figure 7. Velocities of the air at extinguishment (indicated by blow off of the opposed-jet diffusion
flame) are plotted as a function of liquid application rate for the indicated lactic acid/water
mixtures. Error bars represent one standard deviation.

represents an average of 5 or more runs. The error bars represent one standard deviation. The blow-off
velocity decreases with increasing liquid application rate. In other words, as more of the acid mixture is
delivered to the flame, less airflow is required to induce extinction. Equivalently, the opposed-flow
diffusion flame is blown off at lower strain rates.

The slopes of the lines in Figure 7 are a measure for the effectiveness of a liquid in suppressing a flame.
The steeper the slope the more effective is the liquid. It can be seen that the three lactic acid/water
mixtures show no improvement of fire suppression effectiveness over neat water. In fact, the fire
suppression effectiveness decreases as the lactic acid mass fraction increases. Given that no chemical
effects are to be expected for fire suppression with lactic acid, it can be concluded that the increased heat
extraction due to lactic acid is being overwhelmed by heat release due to the combustion of this organic
acid.

Since there are many liquid delivery rates that one can use in the screening procedure, a reference -
delivery rate is needed to compare and interpret the fire suppression effectiveness of various liquid agents
in a consistent way. The following protocol, which is based on the conditions commensurate with cup-
burner results for nitrogen, is used.

The average propane cup burner value for nitrogen is 32 % (mass fraction) [33]. An examination of the
nitrogen results indicates that the nitrogen mass fraction at blow-off equivalent to the cup burner value
corresponds to a reference blow-off velocity of = 30 cm/s. [36] Similar reference blow-off velocities
were obtained when the cup-bumer results for other gases (argon, helium) were used. [36] For this
reference velocity, there are some operational issues associated with the burner and the nebulizer [36].




Table 8. Calculated Equivalent Mass and Mole Fraction Values for the Reference Blow-Off

Velocity
Agent Equivalent mass percent (%) Equivalent mole percent (%)
Water 2.3 3.7
22.1 % lactic acid 2.5 2.1°
44.3 % lactic acid 3.8 3.9°
59 % lactic acid 5.1 6.7°
HFE7100 11.7 1.5

¥Mole-fraction averaged molecular weight of lactic acid /water mixture is used in the calculation.

Therefore, in order to compare the results obtained from the cylindrical burner to conditions
commensurate with cup-burner results, extrapolation to the reference velocity is required. Table 8
compares the results at the reference velocity for water and the three lactic acid/water mixtures in both
mass and mole fraction terms. The result for HFE 7100 (see below) is also included in Table 8 for
comparison purposes. '

The results in Table 8 provide further confirmation of the conclusion above that the heat release
associated with combustion of lactic acid overwhelms the heat extracted by heating the compound. The
amount of lactic acid/water mixture in molar terms required to cause extinction for the reference
condition actually increases with increasing mole fraction of lactic acid.

2. HFE7100

HFE7100 has been identified as a particularly promising thermal agent for halon replacement based both
on its predicted ability to- extract heat and its commercial availability. Two screening tests for
extinguishing agents developed as part of the NGP have been used to characterize the effectiveness of
HFE7100.

a) Testing of HFE7100 using the Dispersed Liquid Agent Fire Suppression
Screen facility

The relative effectiveness of HFE7100 was tested in the DLAFSS using the same experimental
procedures described above for the lactic acid/water mixtures. Figure 8 shows a plot of the measured
blow off velocity versus the liquid application rate for the HFE7100. Extrapolating to the reference
velocity yields effective molar and mass fraction extinguishing concentrations of 1.5 % and 11.7 %,
respectively. These values have been included in Table 8.

L]

b) Testing of HFE7100 using the Transient Application Recirculating Pool
Fire facility

To further evaluate the fire suppression effectiveness of HFE7100, the agent was introduced as a mist into
the Transient Application Recirculating Pool Fire (TARPF) facility. The TARPF was developed
originally to assess the effectiveness of gaseous agents for suppressing flames attached behind a bluff
body in a turbulent air flow. The facility was designed to generate flow conditions typical of those
present in aircraft engine nacelles. This facility was selected as a test bed because this flame
configuration is believed to be particularly challenging for liquid agents.
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Figure 8. Velocities of the air at extinguishment (indicated by blow off of the opposed-jet diffusion
flame) are plotted as a function of liquid application rate for HFE7100. Error bars represent
one standard deviation.

Briefly described, the TARPF is a horizontal, open-circuit wind-tunnel with a flat porous burner located
behind a baffle or a backward-facing step where a propane flame simulating a pool fire can be stabilized.
A gaseous agent is transiently or impulsively introduced upstream into the air stream for a short duration.
Suppression effectiveness is assessed based on the amount of agent required to extinguish the flame as a
function of the application duration and the air flow rate within the tunnel. Detailed descnptlons of the
TARPF facility have been provided by Grosshandler et al. [37,38,39].

For this project the TARPF facility was modified to accommodate the application of a liquid agent.
Figure 9 shows a schematic of the modified TARPF used to assess the fire suppression effectiveness of
HFE7100. The liquid dispensing system consisted of a liquid reservoir, a compressed air cylinder, two
computer-controlled solenoids, and a mist-jet hollow-cone nozzle. The nozzle was positioned 65.5 cm
upstream of the porous burner in the horizontal center and at a height corresponding to the midway point
between the top of the ramp and the top of the wind tunnel. According to the manufacturer’s
specifications, the nozzle has a nominal spray angle of 70° when operated at 1.03 MPa with a flow rate of
1.9 mL/s. In order to generate a mist for a fixed duration, the computer activated the solenoid connected
to the reservoir. At the end of the discharge, this solenoid was deactivated to terminate the flow to the
nozzle, and the second solenoid leading to drain was simultaneously activated to prevent any residual
flow to and/or dripping from the nozzle.

For these tests the airflow in the tunnel was fixed at 6.67 x 10 m*/s. The porous burner was operated
with a propane flow rate of 33 mL/s. The mist nozzle had a flow rate of 1.9 mL/s at 1.03 MPa. The mist
discharge duration was varied from 1s to 10s. The hot surface used to investigate re-ignition was not
activated in this test sequence. The only heating of this surface came from the impinging flame. Based
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Figure 9. A schematic is shown for the TARPF facility [37,38] as modified for the investigation of the
effectiveness of liquid fire suppression agents. '

on these conditions, the mass flow rate of the liquid agent, 7, , can be calculated using the liquid

density of HFE7100 (1520 kg/m® at 25 °C). The mass fraction of the liquid agent in the air stream, Yagen,
is then given by S

Ii’l .
Y - agent , ( 5 )

agent — . .
magenl + mair

where 1, is the calculated mass flow rate of air. Note that in deriving the equation, it is implicitly

assumed that the mist droplets are homogeneously dispersed in the carrier phase (air). For the test
conditions, the mass fraction of agent was calculated to be 0.30.

For these operating conditions, it was found that the pool fire stabilized behind the backward-facing step
could not be completely suppressed by the HFE7100 mist. Observations concerning the suppression
process can be summarized as follows. Before the mist application, the flame was luminous and yellow.
During the mist application, the yellow flame was nearly extinguished with pockets of persistent, blue
flames anchored along the flame attachment points at the outer edges of the bluff body. The duration of
the small blue flames coincided with the mist application. Once the mist application was over, the flames
resumed their original burning intensity and yellow luminosity.

It was somewhat surprising to find that it was fiot possible to extinguish the propane flames for these test
conditions. The nominal effective mass fraction of the HFE7100 for the current experiments is more than
twice as high as that required to extinguish a propane flame in the DLAFSS (11.7 %). A similar behavior
was observed when water was tested. [39] Possible explanations for these observations are discussed in
Section V.A.




III. DETAILED CHEMICAL-KINETIC MODELING AND EXPERIMENTAL
INVESTIGATIONS OF THEMAL AGENT FLAME EXTINGUISHMENT

A. Introduction

The extinction of flames by the addition of thermal agents has been the focus of considerable research
effort for decades. Much of this effort has been guided by the intuitively reasonable assumption that the
addition of nonreactive gases to either the fuel or oxidizer side of a diffusion flame or the fuel/oxidizer
mixture for a premixed flame results in extinguishment when the added molecules absorb sufficient heat
to lower the temperature in the flame zone to a point at which the combustion reactions are no longer fast
enough to generate sufficient heat to overcome local heat losses. For the case of premixed flame
propagation, this concept was discussed at least as early as 1925. [40] There has also been considerable
work on diffusion flames that are of more direct interest to the current investigation.

Some of the earliest work for diffusion flames was associated with the development of the concept of the
limiting oxygen index (LOI) that is often used to characterize the flammability of a fuel. The LOI is
defined to be the minimum concentration of oxygen in a mixture of air and nitrogen that is just sufficient
to sustain combustion. Simmons and Wolfhard recorded LOI for a wide range of gaseous and liquid fuels
using a slow flow of fuel from a hemispherical porous burner into an opposed flow of air diluted with
nitrogen. [41] These authors also introduced the concept of a limit flame temperature, which they defined
as the adiabatic flame temperature calculated for a st01ch1ometnc mixture of fuel and air at the
extinguishing condition.

Simmons and Wolfhard found that the limit flame temperature varied with fuel. [41] For the C1 to C10
normal alkanes the range was 1636 K to 1791 K. Interestingly, the values for methane and the fuels
having more than five carbons were all within 20 K of 1791 K. Starting with pentane, the limit flame
temperatures fell rapidly as the number of carbons in the fuel was reduced, reaching a minimun value at
ethane, before increasing sharply once again for methane. One interpretation of these results is that the
smaller multi carbon hydrocarbons, particularly ethane, are more flammable than methane and their
longer chain analogs. In 1979 Maéek considered these results and provided a convincing argument that,
in general, the flammability of the smaller straight-chain hydrocarbons, including methane, should
increase with decreasing carbon number. [42] This conclusion was based on the behavior of premixed
flames and consideration of LOISs for the corresponding normal alcohols. On this basis, Maéek concluded
that when methane is burned as a diffusion flame it has an unexpectedly low flammability.

In the early 1970s the concept of a limit flame temperature was applied in a slightly different way.
Huggett [43] and McHale [44] reported that an atmosphere would not support combustion when the .
available thermal capacity per mole of available oxygen was on the order of or greater than 167 J/K to
209 J/K. Since the heat release per mole of oxygen consumed is roughly constant for most fuels, this
finding is equivalent to assuming a common limit temperature.

Tucker et al. explicitly combined the ideas of a constant heat release per mole of oxygen consumed and a
limit flame temperature to develop a model for the extinction of diffusion flames by thermal agents. [45]
They made the following assumptions in their model:

Burke-Shumann diffusion flame model is applicable.

Chemical kinetics are identical for premixed and diffusion flames

Lower limit of flammability is a thermal limit with a well defined limit temperature
In absence of chemical effects, additives do not change the limit temperature.
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v Experimental extinguishment measurements were made in an apparatus similar to the cup burner [46,47]

used for investigating flame extinguishment. Results for four agents, nitrogen, carbon dioxide, helium,
and carbon tetrafluoride, which were expected to act as thermal agents, as well as the chemical agent
halon 1301, were reported. Three fuels, n-heptane, methanol, and LPG, were used. Oxidizer mixtures
having variable amounts of oxygen were prepared. The extinguishing concentrations for each of the
thermal agents displayed the dependence on oxygen concentration predicted by the simple model. By
assuming a single limit temperature of 1600 K, it was possible to estimate the magnitude of the enthalpy
change necessary for extinguishment by each of the agents. These estimates were then compared with
actual values calculated from the known heat capacities. It was found that the two results were close, but
that the deduced values for carbon dioxide and helium were 11 % and 40 % to 50 % higher, respectively,
than the values obtained by direct integration. The authors attributed these differences to chemical effect
for the carbon dioxide and the high thermal diffusivity for the helium.

Ishizuka and Tsuji investigated the extinguishment of methane flames burning in mixtures of oxygen with

either added nitrogen, argon, or helium. [48] Their flames were stabilized on a porous cylindrical burner .
in a counterflow of oxidizer. The equivalent of LOIs were reported for each of their special “airs”.

Thermocouples were used to record flame temperatures just prior to extinguishment. For the methane

flames, values ranged from 1443 K to 1623 K for the three inert agents.

Sheinson et al. also considered the effects of thermal agents on flames as part of a larger effort to
understand the role of chemical agents on flame extinguishment. [49] They based their analysis on the
amount of enthalpy change associated with heating nitrogen and an agent gas from room temperature to
1600 K. The upper value is the assumed maximum flame temperature below which a diffusion flame can
no longer be sustained. It is based upon an estimate provided by Roberts and Quince {50] who, in turn,
cited an estimate provided by Dodding et al. [51]. No additional references for this choice are cited by
Dodding et al. Sheinson et al. recorded cup burner extinguishing concentrations for a number of thermal
agents and concluded that the mixture heating of enthalpy was on the order of 250 kJ per mole of oxygen

consumed. Consideration of.heating effects then allowed the contribution of chemical effects to be
estimated.

Zegers et al. have recently performed an extensive test of the approach outlined above. [52] These
authors have reported extinction measurements for methane and propane counterflow diffusion flames
and cup burner extinguishment measurements for heptane and methanol for a large number of fluorinated
hydrocarbons, halon 1301, carbon tetrafluoride, sulfur hexafluoride, and nitrogen. The last three are
expected to act primarily as thermal agents. The measurements were compared with concentrations
calculated based on the amount of an agent required to absorb an empirically determined amount of heat
on going from 298 K to 1600 K. The amount of heat extraction required varied with fuel and was
estimated from experimental results for either CF, or SF¢ assuming these agents act only thermally. The
results were 267 kJ/mol O,, 267 kJ/mol O,, 254 kJ/mol O,, and 258 kJ/mol O, for methanol, heptane,
methane, and propane, respectively.

The approach provided close estimates for the heavier thermal agents as well as for a number of the
fluorinated compounds where chemical effects were small. Interestingly, it overpredicted the amount of
nitrogen required for each fuel. The overestimate was largest for methane.

Several other investigations have been reported in which thermal agents have been used to extinguish cup
burner flames. In most cases the fuel was heptane. [33,53,54,55,56] Recently, Ural has reported
measurements using a cup burner in which methane and propane were burned. [57] The findings of these
studies will be discussed more fully below.




A group of researchers have proposed a very different viewpoint with regard to thermal effects on
extinguishment of flames and the role of limit temperature. [58,59,60,61] A major conclusion of their
analysis is that the vast majority of flame extinguishing agents, including halons, operate primarily by
heat extraction, i.e., interference with the flame chemistry is not a dominant mechanism. An early paper
by Larsen considered the effects of inert gas agents on flames. {58] He concluded that the effects of
thermal agents could be understood entirely based on their heat capacity. He also concluded that the
relatively high thermal conductivity of helium did not play a primary role in its extinguishing capability.
In later work Larsen extended his analysis to halons and reached the somewhat surprising conclusion that
their extinguishing effectiveness could also be understood based entirely on their heat absorption ability.
[59]

Ewing et al. also concluded that the effectiveness of many agents recognized as being chemical in nature
could be understood based purely on their ability to extract heat. [60] A major difference from earlier
work was that while these authors based their analysis on adiabatic flame temperatures, they explicitly
assumed that the required limit temperature depended on the suppressant and type of flame system. For
nonreactive agents they presented data that indicated that the limit temperature increased with decreasing
molecular weight of the agent. It was also argued that the limit temperature varied depending on the type
of agent used. Four classes of materials, each with a separate limit temperature, were defined: A) non-
decrepitating solids and liquids (2165 K), B) gases and volatile liquids which are fully dissociated in
flames (2015 K), C) gases and liquids which are partially dissociated (2015 K), and D) thermally stable
gases (variable). .
A follow up paper from Ewing et al. developed the idea of variable adiabatic flame temperature limits for
extinguishment in much greater detail. [61] Instead of simply defining limit temperatures for different
classes of compounds, an approach for estimating the temperature based on the location where heat
extraction occurred was used. In fact, it was hypothesized that each agent and flame system has a unique
limit temperature and extinguishing effectiveness that depends on the agent’s thermal properties. Heat
extraction was viewed as either occurring in unburned reaction gases (< 1400 K) or.in the combustion
zone. The limit temperature was fixed by the relative sizes of the heat removal in the preheat and
combustion zones. By assuming certain compounds form predictable secondary products, the authors
were able to estimate the heat absorbed by an agent and its dissociation products and estimate the amount
required to extinguish the flame as the amount needed to lower the adiabatic flame temperature to the
limit temperature. This approach was able to correlate the findings for a wide variety of agents. Despite,
the success of this correlation, it has not been widely employed for predictions of agent effectiveness.

It should be clear from this short review that the current understanding of flame extinguishment is based
on integral views of diffusion flames, and models for the process utilize the concept of a limit flame
temperature that was originally conceived nearly eighty years ago. Meanwhile, within the last two
decades the abilities of researchers to calculate simple flame structures using detailed chemical-kinetic
models have been developing rapidly and have now reached the point where it is feasible to study flame
extinguishment. There have been a number of investigations that have used detailed chemical-kinetic
modeling to study flame inhibition and extinction processes. Most of these have involved the reduction
of premixed flame speed due to the introduction of various inhibitors. Examples include the early studies
of Westbrook [62,63,64] as well as a number of more recent works. [52,65,66,67,68,69,70] Very
recently, inhibited flames studies have been extended to laminar opposed-flow diffusion flames.
[69,71,72,73,74]

Despite the large number of detailed chemical-kinetic modeling studies dealing with inhibition and
extinction of flames by various agents, we have identified only one study which systematically considered
the effects of inert thermal agents on a combustion system. Tuovinen calculated the structure of
methane/air premixed flames in a well-stirred reactor with added CO,, H,0, N,, and He. [75] This author
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found that the extinguishing capability of these compounds was proportional to the heat capacity of the
gases. The temperatures at extinguishment using the various agents were within 50 K for a given
stoichiometric ratio, ¢ (a range of ¢ = 0.7 to 1.2 was studied). ‘
An investigation of the extinguishment of diffusion flames by thermal agents using detailed chemical-
kinetic modeling approaches is described in the following section. During the project it became clear that
insufficient experimental results for the two fuels considered, propane and methane, were available to
fully validate the modeling results. For this reason, extinguishment experiments using two different
burners were carried out concurrently and are also summarized.

B. Introduction to Detailed Chemical-Kinetic Modeling of Diffusion Flames

Combustion is a complicated physical process involving the interaction of fluid flow and chemical
reaction accompanied by heat release. It is now recognized that combustion involves a large number of
chemical species and reactions. The most important reactions are those involving radical species such as
OH, HO,, and the atomic species O and H. The most dominant reaction (see [70] for a recent discussion)
is usually recognized as the H atom chain branching reaction leading to breaking of the oxygen bond, i.e.,

H+0, »>OH+O0. (6)

Subsequent reactions involving the product free radicals release heat and ultimately maintain the
combustion. Reaction (6) is strongly temperature dependent, and extinguishment of a flame is expected
to occur when the temperature is lowered to a point where the rate of generation of free radicals becomes
5o slow that the overall reactions cannot generate sufficient heat release to overcome the heat losses from
the reaction zone (primarily by thermal diffusion, radiation, and incomplete combustion).

During the past two decades the understanding of the chemical kinetics involved in combustion has
reached the level where realistic detailed mechanisms including large numbers of reactants and reactions
can be written for simple combustion systems, and mathematical techniques have been developed for
simultaneously solving the large number of differential equations that result. While still involving
significant approximations (some of which are discussed below), such modeling has developed to the
point where it can be used to gain useful insights into the behavior of practically relevant flames.

A number of different types of combustion systems have been modeled including plug flow reactors,
perfectly stirred reactors, premixed flames, and opposed-flow laminar diffusion flames. For studies of
fire extinguishment, we have chosen 