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1. INTRODUCTION
The manufacture of halons, which arc widely used in fire extinguishing systems, was banned in 1984. The search
for cffective alternatives continues with a large effort known as the Next Generation Fire Suppression Technology
Program (NGP). As part of the NGP, NIST is investigating whether highly effective thermal agents, which obtain
their effectiveness solely by heat extraction and dilution, are feasible. The paper by Sheinson et al. provides a good
introduction [1]. Simple heating (i.e., heat capacity), phase changes, endothermic molecular decomposition (which
is classified as a physical process as long as the initial agent and its products do not participate in the combustion
chemistry), and simple dilution can modify flame temperatures and therefore contribute to flame extinction

This paper summarizes the results of a detailed chemical kinetic modeling investigation of laminar
opposed-flow methane/air diffusion flames designed to provide an improved understanding of the extinguishment of
fires by thermal agents. A particular focus was to test the hypothesis that the effectiveness of a thermal agent
depends on the location of heat absorption relative to the flame zone. An internal report has been prepared
summarizing the kinetic modeling and also includes the results of an extensive data base search of potential thermal
agents and modeling results for the effectiveness of thermal agents in cooling solid surfaces [2].

2. DETAILED CHEMICAL KINETIC MODELING

An opposed flow laminar diffusion flame model was selected because for the majority of fires the fuel and air are
initially separated and therefore burn as diffusion flames. Two excellent reviews have been provided by Tsuji [3]
and Dixon-Lewis [4]. These flames are usually modcled as pseudo one-dimensional flow systems using a similarity
transform to reduce the two-dimensional equations. Fuel and oxidizer velocity profiles at the bumer exits are -
assumed to be plug flows having exit strain rates equal to 0 s'. Absolute strain rates increase as the flow moves
toward the stagnation plane. With increasing exit flow velocities the flame is subjected to higher strain rates, and it
gradually becomes weaker until it abruptly undergoes extinction. A number of parameters are used to quantify the
cffect of strain rate on a laminar flame including a global strain rate, a,, the maximum strain rate outside of the
thermal boundary layer on the oxidizer side, a,, and the stoichiometric scalar dissipation, ¥..

For this investigation, a series of laminar opposed flow diffusion flames of methane and oxidizer have been
calculated as a function of exit flow velocities (assumed to have equal magnitudes) and the concentration of various
thermal agents added to the air. For each concentration of added agent, an extinction condition is identified which
corresponds to a given velocity magnitude and corresponding measures of strain rate and x,. A focus of this work
ts the identification of the minimum concentration of an agent required to extinguish buoyancy dominated fires. The
extinguishing concentration is thercfore expected to correspond to a particular extinction condition.

3. CALCULATIONAL APPROACH

The code Oppdif [S] developed by Sandia National Laboratories, now available from Reaction Design” of San
Diego, CA, was used. Oppdif solves the psuedo-one-dimensional equations for plug flows. The detailed chemical
mechanism used was GRI-Mech 1.2 [6] which consists of 32 chemical species undergoing 177 reactions.

Figure | includes a plot of maximum temperature, T, versus exit flow velocities calculated for a
methane/air diffusion flame (0% added N). The fuel is 100% methane and air is assumed to be composed of 0.781
N, 0.210 O,, and 0.009 Ar mole fractions. As expected, Tma decreases with increasing velocity. Extinction is
calculated to occur for a velocity of 320 cm/s with a maximum flame temperature of 1785 K. The value of |a,| at
extinction is 509 s which is roughly 25% higher than measured experimentally (7,8,9]. Tanoff ct al. have shown
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that calculated values of a, are highly dependent on the Nitrogen Dilution of CH /Air Diffusion Flames

detailed mechanism [10] and also found that GRI-Mech over e
predicts the extinction strain rate. g 2000 - R . .
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a thermal agent were identified. Simmons and Wolfhard [11] lg ool % . v‘ " 5%
and Ishizuka and Tsuji {12] reported values of 33.8% and 2 % “ " iy
31.9%, respectively, for nitrogen added to air. Calculations 5 ol B3 ' . B
were performed for methane reacting with air containing = 8 o 2%
various percentages of added nitrogen. Figure 1 includes the 1500 ) X ) ) . ]
results. As the percentage of added nitrogen increases, the 0 50 100 10 200 250 300
fuel and oxidizer exit velocity magnitudes sufficient to cause Flow Velocities (cmvs)

flame extinction decrease. The T . at extinction also
decreases with increasing nitrogen concentration. Plots of
Tmae versus velocity magnitude become steeper as the
nitrogen concentration increases. The value of T for the
experimental extinguishing concentration is 1545 K. This is
close to the experimental value of 1483 K [12]. The velocities of the fuel and air at extinguishment are calculated
to be 21.42 cms, corresponding to an absolute value of global strain rate of @, = 37.5 57

An important question is what strain rate is appropriate to use when determining the minimum value of an
added thermal agent required to extinguish diffusion flames at normal gravity? The only discussion of this point of
which we are aware was presented by Hamins et al. [13] These authors compared cup bumer measurements
(heptane fuel) of extinguishing concentrations for a variety of agents with corresponding measurements made in a
counterflow flame. When the concentrations of added agents for the opposed flame were comparable to those
observed to cause extinguishment in the cup burner test, the global strain rate was on the order of 50 s™. Due to the
use of different boundary conditions and fuels between the current investigation and those for Hamins et al., as well
as slightly different definitions for the global strain rates, absolute quantitative comparisons are not approprate.
However, it is clear that the strain rates have comparable magnitudes in each case.

It is interesting to speculate about why lower and lower strain rates can not be sustained for flames at
normal gravity. The most likely reason is that buoyancy effects result in a lower linut for the minimum strain rate
perpendicular to a flame surface. Buoyancy always accelerates hot combustion gases relative to the cold oxidizer
with the result that the flame surface is subject to a nonzero strain rate. The results of Hamins et al. [13] and the
current findings suggest this minimum strain rate is on the order of a few tens of inverse seconds.

As already pointed out, we have identified no additional measurements of extinguishing concentrations for
thermal agents added to methane/air diffusion flames. However, [shizuka and Tsuji did make measurements for
methane burning in an artificial “air” consisting of 21% oxygen and 79% argon diluted with argon [12]. The
cextinguishing argon concentration was 54.3%. Extinction for a calculated flame burning in Ar “air” with the
extinguishing concentration of added Ar occurred for a T, of 1473 K and exit velocities of 15.9 cm/s. These
values are both slightly lower than found for the methane/air flame difuted with nitrogen. However, they are
remarkably close when one recalls that the use of argon instead of nitrogen results in a significantly different flame
structure. In fact, if one simply assumes that extinguishment occurs for the same maximum flame temperature, i.c.,
roughly 1550 K, as for the nitrogen-diluted air flame, it is possible to estimate the required argon concentration as
52%. This is only 4% less than the experimental value. Thus, assuming that flame extinguishment occurs for the
concentration necessary to reduce the maximum calculated flame temperature at extinction to 1550 K should
provide an excellent estimate for the percentage of an arbitrary thermal agent required to extinguish a fire.

Opposed flow diffusion flame calculations have been used to estimate the extinguishing concentrations, 1.€.,
the concentration necessary to lower the maximum flame temperature at extinction to 1550 K, for methane burning
tn air diluted with Ar, He, CO,, and H,0. Each of these gases is expected to act primarily as a thermal agent. The

Figure 1. Maximum flame temperature versus flow

velocity magnitudes for methane burning
in nitrogen-diluted air.

-185-



Table 1. Extinguishing Concentrations (

Mole Fraction) of Thermal Agents

Thermal Agent | Current Work Cup Bumner [1] | Cup Bumer [14] | Cup Bumner [15] | Cup Burner [16]
~ Nitrogen 0.33 0.30 0.33 0.32 0.30
Argon | 0.43 0.41 - 0.41 0.38
Helium 034 0.32 - 031 -
Carbon Dioxide 0.22 0.21 0.20 0.23 0.20
Water 0.28 - . N

results are tabulated in Table 1. As already discussed, the only experimental values for opposed flow methane
diffusion flames we have identified are for nitrogen. Cup burner values of extinguishing concentrations using
heptane fuel have been reported for some of these agents by Sheinson et al. (1], Babb et al. [14], Hamins et al. [15]
and Moore et al. [16] and are included in Table I. The maximum difference between values calculated for methane
and the experimental values for heptane is 12%, with the vast majority being less than 10%. With the exception of
carbon dioxide, the cup bumer measurements are somewhat lower than for the counterflow flame. These
differences could be due to the use of different fuels or to the effects of burner configuration. The close tracking of
the calculated results and the experimental findings suggests that detailed chemical kinetic modeling can accurately
predict the amount of a thermal agent required to extinguish opposed flow diffusion and cup burner flames.

The differences in the extinguishing concentrations of helium and argon are interesting since these agents
are both monatomic gases and have the same heat capacities. The fact that helium is a more efficient extinguishing
agent means that at least one other parameter, in addition to heat capacity, is important in determining extinguishing
efficiency. A related observation was reported by Coward and Hartwell for the inerting of premixed flames and
was attributed to the much higher thermal conductivity of helium which distributes the heat of combustion over a
larger region of space and therefore weakens the flame [17]. The same explanation is most likely valid for diffusion
flames. Sheinson et al reached the same conclusion {1].

5. SURROGATE AGENT STUDIES OF EXTINCTION AND EXTINGUISHMENT

A goa! of the current work was to test the hypothesis that the effectiveness of a thermal agent depends on the

location, relative to the high temperature flame zonc, where heat extraction occurs. A surrogate thermal agent, X,

was used as a test. The molecular weight, thermodynamic properties, and transport properties of X are identical to

those of argon, but it can undergo a simple reaction with ambient gases to generate a new species, Y, 1.¢.,
X+M=Y +M (1)

Y 1s also very simular to argon, the only difference being that its heat of formation is assigned an arbitrary positive
value instead of being zero. When Reaction (1) takes place it extracts heat and cools the local surroundings by an
amount equal to the heat of reaction, AHy.y. Since X and Y do not react with any other species, the reaction is
simply a heat sink and therefore meets the definition of a thermal agent. The rate constant for Reaction (1) is -
expressed as

kxoy = AT e 50 (2)

where 4 is the pre-exponential factor, § is the temperature exponent, £, is the energy of activation, R is the gas
constant, and T 1s temperature. For the calculations which follow, nitial values were chosen for A and B, and only
the value of £, was changed in order to vary kx.y.

Figure 2 compares calculated flame temperature versus distance from the fuel exit for two flames having
fuel and oxidizer exit velocity magnitudes of 25 em/s and with 5% X added to the air. For each A = 1x10"
cm’/(molc s), B =0, and AHy.y = 96.1 kJ/mole. The only difference between the two calculations is the value of £,
which equals 25.1 ki/mole for one and 50.2 kJ/mole for the other. For the lower £,, X begins to react immediately
upon feaving the oxidizer exit which results in the temperature drop evident on the oxidizer side for positions well
removed from the flame zone. When the £, is increased to 50.2 ki/mole the conversion of X to Y is very slow at
room temperature, and there is no significant drop in temperature in the ambient region of the flow. However, as
the temperature increases X begins to convert to Y, and heat is absorbed in higher temperature flame regions.
Interestingly, maximum flame temperatures are identical within the uncertainty of the calculations. Since flame
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extinguishment depends primarily on the maximum flame Methane/Air Diluted with 5% X
] i . . Velocity Magnitudes = 26 cm/s
temperature at extinction, this suggests the effectiveness ofa

thermal agent is independent of the spatial location where the e 525  stmore 7 T
heat extraction occurs, indicating that the original hypothesis 1800 €, = 502k smote / \
concerning the effect of heat extraction position was incorrect. 1600 -

g 1400 - 1
6. SUMMARY 5 o)
It has been shown that detailed chemical kinetic modeling can be g ol
used to make quantitative predictions of the amount of a thermal b
agent required to extinguish a fire. Results for four well known soor
thermal agents are in good agreement with experimental values. 600 | 1
The calculations suggest that strain rates in fires are on the order b |
of a few tens of inverse seconds and that the maximum flame = = . ===
temperature at extinction for the extinguishing condition is Distance From Fuel Exit o) '
approximately 1550 K. The location of the heat absorption
relative to the flame front does not affect the ability of a thermal _ _
agent to extinguish a flame as long as the agent is convected to Figure 2 Temperature'ver. sus dlSU_mCC from
the flame zone. fuel exit for methane/air diluted with 5% X

flame.
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