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SUMMARY

Flame quenching by condensed or gaseous extinguishants and by external sources is exam-
ined. The quenching by extinguishants is due to heat-absorption sinks&mdash;dissociation, decompo-
sition, vaporization, and heat capacity. External quenching by water-cooled metal surfaces or by
radiation to surroundings is shown to have common properties with internal quenching by
extinguishant particles or molecules.

Flame-extinguishing mechanisms are effectively explained with thermal quenching concepts
and a flame heat balance. New criteria for the extinguishment of Class B flames are postulated
and, then, substantiated by a comprehensive analysis of extinguishment data for a large number
of agents. Adiabatic limit temperatures were initially computed with the flame heat balance
(Equation 1) using quenching quantities based on heats of formation of extinguishing sub-
stances at 298 K, but such limits and quenching quantities exhibited no systematic character.
However, alternate limits and quenching quantities based on heats of formation of molecular
parts (of extinguishing substances) exhibited exceptional ordering and internal consistency.
This alternate analysis contributed to increased understanding of thermal mechanisms, concur-
rent exothermic reactions, and other processes involved in flame extinction. It is further
demonstrated that the flame extinguishing effectiveness of dry chemicals and most gaseous
halocarbons (agents containing C, H, F, CI, Br or I) can be reliably predicted from the additive
properties of enthalpy, temperature, and quenching quantities. The flame-extinguishment model
provides definitive criteria for selecting alternate agents with superior flame extinguishing

properties.

BACKGROUND
The concept that flammable liquid and gas
flames are largely extinguished by ther-
mal mechanisms has been postulated ear-
lierl-4. Particulate solid, liquid, and gas-

eous extinguishants contribute heat ab-
sorption sinks in flames through dissocia-
tion, decomposition, vaporization, and heat-
capacity processes. According to the ther-
mal model, a flame is extinguished when
sufficient heat is removed by the extinguishant
to reduce the temperature to a limit value

(TLT)’ It was further demonstrated 1.3 that
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the minimum concentrations of dry chemi-
cals, halons, and other substances needed
for extinguishment can be roughly calcu-
lated’ with a simple flame heat balance
and predictable limit temperatures. Chemical
kinetic effects at flame extinction were

considered3; their role is reassessed in this
paper.

INTRODUCTION
The form of flame heat balance used for

quantitative calculations of extinction
concentrations is presented in Equation 1.
It relates the minimum extinction concen-

tration, Mei, of an extinguishant with all
exothermic and endothermic sinks and with
the adiabatic limit temperature, TLT. All

quantities in the equation are based on
one mole of air in the agent-air mixture.

The left side of the equation includes all
the heat-extraction sinks contributed by
an extinguishant. It represents the quenching
potential or the quantity of heat (Mei AHLT
or &eth;QLT ) which can be absorbed from the
adiabatic flame by all agent sinks (heat-
capacity, decomposition, dissociation, or
vaporization). The right side, then, repre-
sents the theoretical excess flame heat or
the quantity of heat (&eth;ELT)f(fi) which must
be removed from the same adiabatic flame
to reduce its temperature to a limit below
which the flame cannot propagate. This
excess is the combustion heat over and
above that required to heat the combus-
tion products (and all nitrogen in the air
flame) to the limit temperature. Equation
1 as written is based on the assumption
that the temperatures of small diffusion
flames are adiabatics and that fuel, oxy-
gen, and nitrogen diffuse into the flames
at stoichiometric rates. Radiation from the
flame to its surroundings is neglected. The
authors recognize that no real flame can
be completely adiabatic and that there can
be significant departure from this state.

In this study any departure from the ideal
state will be reflected in the experimental
extinction quantity and in the tempera-
ture calculated with Equation 1 at the
extinction limit. We believe that this as-

sumption will not seriously negate the
correlations and extinguishment principles
proposed. It will be seen that the unifor-
mity and predictability of cup-burner re-
sults tend to support this conclusion.

For both condensed and gaseous extin-

guishants, one must consider the degree to
which particles or molecules dissociate,
decompose, or vaporize in the flamel. Dry-
chemical powders, however, are in a spe-
cial class. Each dry chemical2.4 has a unique
limiting particle size where all particles
below this size completely decompose or
vaporize in a hydrocarbon-air flame. All
experimental data for dry chemicals used
in this paper are for fine particle sizes
where complete decomposition or vapor-
ization can be assumed.

The accurate computation of the theoreti-
cal excess flame heat, the quantity repre-
sented by the right side of Equation 1, was
important to this study. The excess heat
was computed from 1400 to 2250 K for
several common hydrocarbon-air flames
(Table 1). Calculations were confined to
stoichiometric, adiabatic flames and were
performed with STANJAN 6. This program
uses the element-potential method for chemical
equilibrium calculations of up to twenty
different flame products. This allowed ex-
cess heat computations based on all known
dissociations of combustion products. The
required thermodynamic data for these prod-
ucts were taken from the JANAF Tables~-8.
Heats of formation and combustion for the
common fuels were from Reference 9, and
for JP4 from Reference 10.

Both gases and highly volatile liquid agents
are included in the study. Heat-balance
calculations made for all these agents are
based entirely on gas phase effects. These
are believed to be the dominant effects in

cup burner experiments. Actually, this gas-
phase approach is justified by Beylerli.
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c Average composition of JP411 consistent with its heat of combustion is CllH21.854&dquo;
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DEVELOPMENT OF QUENCHING
CONCEPT; LIMIT TEMPERATURE
AND QUENCHING
Temperature and velocity data for quenched
flames have been studied by Kaskan 12 and
Iya et al. 13 . The tests were made with premixed
methane-air flames on a water-cooled po-
rous plate. Iya et al. demonstrated that if
one starts with a quenched uninhibited
flame (1400 to 1700 K) at some low flame

velocity, one can inhibit the flame with
fine sodium bicarbonate powder to the point
where it lifts off the burner. It then be-
comes adiabatic and indistinguishable from
an initially adiabatic flame inhibited to
the same low velocity. Since the adiabatic
temperatures of inhibited (non-quenched)
flames near extinction are above 2000 K;
the temperature of the quenched flame,
with increasing addition of inhibitor, should
and does increase. Actually, rise in flame
temperature is the index measures of dry-
chemical inhibition for a quenched flame.

All the above suggests that the internal
heat-absorption sinks-decomposition, va-
porization, and heat capacity-contributed
by the fine bicarbonate particles replace
the external cooling. Cooling and quench-
ing in the preheat region by dry chemicals,
halons, and thermally stable gases should
be equivalent to quenching by an external
source.

FUNDAMENTAL ARGUMENTS FOR
THE VALIDITY OF THE FLAME
HEAT-BALANCE EQUATIONFOR A
WIDE RANGE OF TEMPERATURES
The adiabatic flame heat balance as ex-

pressed by Equation 1 is derived specifi-
cally for stoichiometric fuel-air flames. This
type of equation without the agent’s reac-
tion sinks is commonly used to compute
adiabatic temperatures or mixture compo-
sitions for various limit flames. If the heat
balance is to be valid for a wide range of
flame temperatures, it must be argued that

the temperature of the flame, under cer-
tain conditions, can be lowered by quench-
ing with no corresponding change in the
overall rate of chemical combustion (i.e.
rate of fuel burned). The following text is
presented to justify this argument.

Many investigators13. 15-19 have shown that
diffusion and premixed flames are extin-
guished by finely divided dry-chemical
powders (and liquid mists) with no large
change in either the adiabatic tempera-
ture of the flame or in its heat-release
rate. Only one measurement of flame heat-
release rate as a function of degree of
inhibition has been found. Holmsted et

al.19 demonstrated with diffusion flames
that increased inhibition by a finely di-
vided dry chemical occurs with no change
in heat-release rate and presumably no
major change in the temperature of the
flame nor in its overall combustion rate
until the extinction limit is reached.

Other investigators have presented argu-
ments regarding the adiabatic state of quenched
and limit flames. Botha et al.20 stated that

quenched flames are identical, in the de- .

cisive high-temperature region, with adiabatic
flames giving the same fully burned state.
They also concluded that the rate of com-
bustion reactions is the same whether the
heat conducted in an upstream direction
is in part removed by the cooling water or
exclusively used in increasing the enthalpy
of the incoming gases. Reutherl4 argued
that comparison studies had been made of
quenched and adiabatic flame systems. He
concluded that any non-adiabatic charac-
ter of the quenched flame does not alter
the flame chemistry generated with quenched
burners. Herzberg et al.21 concluded from
their survey that the adiabatic tempera-
ture can be calculated from the mixture

composition at the limit and that the choice
of a limit temperature is sufficient to de-
termine and predict the limit composition.

The arguments for the adiabatic character
of quenched flames by Botha et al., Reuther,
and Herzberg et al. are based on studies
with flames quenched by cooled metal
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surfaces or by thermally stable inhibitors.
However, arguments have already been
presented to substantiate an extension of
the adiabatic character to include quench-
ing by thermal inhibition and endother-
mic reaction sinks.

INTRODUCTORY STATEMENTS OF
NEW CONCEPTS (POSTULATES)
To DEFINE AND EXPLAIN FLAME
EXTINGUISHMENT
Diffusion and premixed flames have dif-
ferent burning mechanisms. However, the
same heat-extraction or thermal model for
flame extinguishment’ using Equation 1

was valid for both types of flame. In fact,
the same common limit temperature for
fine dry-chemical powders was observed
for both flame types’. There is still no

clear physical picture of the factors gov-
erning diffusion flames and their stabil-
ity. We believe for a laminar flame that
there has to be a mixing of fuel and air by
diffusion in a preheat zone before reac-
tions occur. For turbulent flames the dif-
ferences between flame types are known
to be less obvious. In any event, the con-

cepts listed below are for diffusion flames,
but they are believed to be valid for both
flame types. Premixed flames are used for
some examples.

A principal purpose of this study is to

present some new concepts in flame extin-
guishment and to effectively test their validity
with existing experimental measurements.
To this end, several postulates regarding
both quenching and flame extinction are
stated below:

1) The hydrocarbon-air diffusion flame is
assumed to have two regions-preheat
and combustion. From a preliminary
analysis of existing extinguishment data,
the maximum or limit temperature for
the preheat region is defined as 1400
K. For the premixed flame the inter-
face temperature is believed to be around
1300 K 22,23

2) Quenching by agents in both regions of
an adiabatic flame results from inter-
nal heat-absorption sinks contributed
by extinguishant particles or molecules.

3) Preheat quenching (AQ = Zip Mei) is
defined as that part of total quenching
(~QLT or AELT ) which removes heat
from the unburned reactant gases in
the preheat region below 1400 K. Quenching
in this region reduces the temperature
of the flame and the diffusion rate (or
flame velocity for a premixed flame),
but does not significantly alter the degree
of combustion or the overall combus-
tion rate. The rate of heat produced is
maintained at the same level by the de-
creasing diffusion rate of the fuel-air
mixture in the preheat region and by the
increasing and compensating residence
time of the mixture in the reaction zone.

Therefore, quenching in the preheat re-
gion is called compensated.

Any loss of heat to a water-cooled plate
atthebase ova premixed flame is equivalent
to the removal of heat by an extinguishant
in the preheat region. Thus, this exter-
nal cooling should increase the com-
pensated quenching and lower the limit
temperature12,13.

4) Combustion quenching (AQc = AHc Mei)
is defined as that part of total quench-
ing which removes heat from the flame
in the region above 1400 K. Quenching
in the combustion region does not sig-
nificantly change the flame tempera-
ture nor the diffusion or velocity rates
for the two flame types. Any lowering
of temperature in this region is be-

lieved to be uncompensated in that the
overall combustion reaction rate should
also be lowered. This contributes to

flame extinction. There is evidence in
this study that there is a critical or
minimum quantity of heat which must
be removed from the combustion re-

gion to extinguish the flame. There-
fore, combustion quenching is defined
in this article as critical quenching.

The loss of heat from the combustion
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region of a flame to its surroundings
reduces its temperature but in other
ways is equivalent to the removal of
heat by an agent’s cooling sinks. This
would enhance quenching by the agent
and would contribute to flame extin-

guishment.

5) Each agent and flame system have a
unique limit temperature and extin-
guishing effectiveness. These limits for
a given flame system are set by the
actual thermal properties of the agent-
by the relative sizes of preheat and
combustion quenching. As the concen-
tration of the agent is increased, the
flame temperature is lowered by pre-
heat quenching until the required com-
bustion or critical quantity of heat (DELT
-alp ) is removed from the combustion
region. At this limit concentration and
temperature, the total theoretical ex-
cess heat (AELT) is removed. Agent sinks
and other heat losses exceed the heat

produced by the combustion reactions
and the flame is extinguished24.

6) For a normal premixed flame, the ex-
tinguishing agent physically must pass
through the preheat before the com-
bustion region. The limit temperature
and effectiveness of an agent, there-
fore, are fixed by the relative sizes of
preheat and combustion quenching.
However, it is reasonable to assume

that the limit and effectiveness of an

agent on diffusion flames are affected
by the direction of application and by
the relative areas (or volumes) of the
preheat and combustion regions pre-
sented to the agent stream over a given
time period. If preheat quenching by
this effect is partially or completely
eliminated, one would expect a higher
limit temperature and a higher effec-
tiveness of an agent.

BASIS OF I NITIAL SELECTION OF
EXPERIMENTAL EXTINCTION
CONCENTRATION FOR THIS STUDY

It is well known that observed extinction
concentrations depend on the particular
cup burner system and its measurement
parameters. Therefore, it was necessary
to select one cup burner system as a mag-
nitude basis for extinction concentrations.
Selection of data in this article is largely
based on the very consistent set of ambi-
ent results by Hirst and Booth26 and on
extinction concentrations of 3.5% for CF3Br
and 3.0% for CF3I. Miller26has shown that
the 3.5% value for CF3Br is a good average
of all existing results. The magnitudes of
predicted results presented later will, therefore,
reflect the base values described above.
The authors believe, however, that even
though the magnitudes of extinguishment
results are partially predetermined, the
relative magnitudes for different agents
should be independent of the measurement
system.

LIMIT TEMPERATURES AND
RELATED QUENCHING QUANTITIES
BASED ON THE HEATS OF
FORMATION OF EXTINGUISHING
SUBSTANCES AND ON
EXPERIMENTALLY OBSERVED
EXTINCTION CONCENTRATIONS
The true limit temperature for each gas-
eous extinguishant is based on its heat of
formation at 298 K (Equation 1). The limit
is that temperature at which the total

quenching or heat-absorption sinks con-
tributed by an agent at its experimental
extinction concentration is equal to the
theoretical excess heat in the flame. In
this study, limit temperatures were ob-
tained for a large group of agents (Figure
1). These calculations required values of
the theoretical excess heat for the hep-
tane-air flame (right side of Equation 1)
from about 1400 to 2250 K. These were

obtained, as already described, with STANJAN
and are presented in Table 1. Defining the
limit for each agent also required equilib-
rium concentrations and total quenching
contributions (left side of Equation 1) for
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the agent and its products as a function of
temperature. These computations were also
made with STANJAN and required reli-
able thermodynamic properties for each
undissociated agent and, often, as many
as nineteen possible products. These prop-
erties were generally obtained from the
JANAF Tables7,8. Some, however, had to be
predicted. They were double-checked, where
possible, by additive rules27, by chemical-
equation related computations with CHETAH28,
or extrapolations of lower temperature
properties with CHETAH.

All thermodynamic calculations with
STANJAN were based on dissociations of
the agents and their products in a simu-
lated agent-air mixture with nitrogen
replacing oxygen. Nitrogen as used in

STANJAN for these calculations is a hypo-
thetical molecule with zero enthalpy-gain
at all temperatures. The dissociations of
each agent in the agent-air mixture, therefore,
takes place as if oxygen were not present,

and all thermal properties of the agent
and its products are independent of those
for nitrogen. This greatly simplified cal-
culations with STANJAN. Many of the
oxides of fluorine, bromine, and iodine are
unstable, and there was no evidence in
tests with STANJAN that any significant
quantities of these oxides would have been
produced.

Possible chemical reactions of the agent,
a product, or a halogen atom with fuel,
oxygen, or combustion products are not
considered in the thermal analyses. We
believe that any significant loss of endo-
thermism by further reaction will be auto-
matically reflected in a reduced limit tem-
perature and a reduced extinguishing ef-
fectiveness. This statement is verified later
in the article. Agents which dissociate to
form F and/or CI are shown to have com-

peting exothermic reactions of F and/or Cl
with H or some other combustion product.
These agents require excessively large

Figure 1. True limit temperature versus preheat quenching quantity, AQP, for extinguishing agents:

Footnote Figure 1:
a See Tables 2-3 and accompanying text.
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quenching in the combustion region. They
have reduced limit temperatures and re-
duced extinguishing effectiveness.

The limit temperature for each agent on
Figure 1 is plotted versus preheat quench-
ing, AQ . A curve of the total theoretical
excess blame energy for the heptane-air
flame (AE,,Table 1) is also plotted on the
same figure. Since at flame extinguish-
ment the total agent quenching ÔQLT must
equal the total excess energy of the flame,
the combustion quenching, AQ,,, for each
agent on Figure 1 is the difference be-
tween the total excess energy, (ôELT)p
and preheat quenching, ôQ . Relationships
between quenching quantities for nitro-
gen are illustrated on the figure.

True limit temperatures and related quenching
quantities for the large group of agents
(Figure 1) exhibit no evident consistency
or ordering. The results for each agent are
largely independent and randomly distributed
according to the size of the heat of forma-
tion and the degree of the agent’s dissocia-
tion as a function of flame temperature.
The observed limit data did not suggest
any generalization which could be used as
a predictive scheme for flame extinguish-
ing effectiveness. However, it will be shown
that there are alternate extinction limits

which have internal ordering and preditive
properties.

ALTERNATE LIMIT TEMPERATURES
AND QUENCHING QUANTITIES
BASED ON HEATS OF FORMATION
OF SELECTED BUT PREDICTABLE
MOLECULAR PRODUCTS AT 298K
This rather unorthodox approach was sug
gested by the surprising predictability of
the extinguishing effectiveness of dry-chemical
powders and gaseous agents by summing
partial effectiveness values (liMe) of molecular
parts. When the alternate limit tempera-
ture of an agent is computed by adding
enthalpy gains of its molecular parts, all

limit properties are, in effect, based on the
heats of formation of parts at 298. The
limit for each agent is still the maximum
flame temperature satisfying all extinguish-
ment criteria and the flame heat balance

(Equation 1). Each limit temperature is
again based on an experimentally observed
extinction concentration.

This alternate thermal analysis of the limiting
properties of gaseous agents required both
a duplicable partitioning of agent molecules
and independent enthalpy-gain quantities
for all molecular parts as a function of
temperature. These objectives were accom-
plished by following the same common steps
for each agent: 1) Molecular parts were
based on the rules listed in Table 2 (par-
tially based on thermodynamics); 2) En-
thalpy-gain quantities for molecular parts
which are generally thermally stable were
taken from the JANAF Tables7.8 so that

they are completely independent of all
chemical interactions or dissociations; and
3) Enthalpy-gain quantities for each halo-
gen molecule were computed with STANJAN
at one average extinction concentration
and for completely independent dissocia-
tions. Molecular parts for the individual

agents in this study are listed in Table 3.
These are included as a reference and guide.
The analysis is based on molecular parts
with the lowest molecular weights. The
use of higher molecular weight products
(i.e. C2F4, C2F6) would affect predicted
extinction concentrations by a few per-
cent. Enthalpy gains for all possible lower
molecular weight parts at temperatures
from 1400 to 2200 K were generated ac-
cording to the criteria listed above. The
values tabulated in Table 4 simplify
the additive prediction of enthalpy-gain
quantities for extinguishants and require
no additional use of STANJAN.

Alternate limit temperatures based on products
at 298 K were calculated for thirty nine
different gaseous extinguishants where
experimental extinction concentrations were
available (Figure 2). The limit tempera-
ture, TLT,for each agent is plotted versus
its preheat quenching quantity, AQp. The
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critical quantity of heat which apparently
must be removed from the combustion region
for all thermally stable agents is around
1.72 kcal/mole air. In order to more clearly
compare results, the total theoretical ex-
cess flame heat for the heptane-air flame
(AE~ ,Table 1) and the baseline value of
preheat quenching (AE T 1.72) are plotted
at each temperature on the same figure. A
cursory look at the results on Figure 2 can
be misleading. Their consistency, order-
ing, and predictability will be shown to be
exceptional.

Table 2. General rules to select arbitrary
but predictable products at 298 K from
the elements In a compound

Notes to Table 2:
a Do not form HCI, HF, or HBr and leave
an unbound C atom. But;
CHF - 0.5 CH2 + 0.5 CF2
CHBr -> CH + 1/2 Br2
CHCI - 0.5 CH2 + 0.5 CC12
b This assumes that CO will initially react
below 298 to form thermally stable C02.
Treating CO as a stable molecule simpli-
fies calculations with STANJAN.
c Arbitrarily form carbon molecules at 298
with H and F as they exist in the remain-
ing molecular chain of the substance.

Table 3. Molecular parts at 298 K for the
substances included in this study (as
specified by the rules in Table 2)
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Table 4. Enthalpy gains (kcal/mole) for molecular parts at various temperatures In-
cluding enthalpy changes for the dissociation reactions of Br2, 12, C’2, HBr, and (SF5)’

Footnote:
a Average concentration of agent used with STANJAN to generate enthalpy changes
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Figure 2. Alternate limit temperature versus preheat quenching quantity, AQ,,for extinguishing agents:

THERMAL EFFECTS: CONTROL
OVER SIZES OF QUENCHING
QUANTITIES FOR BOTH THERMAL
ANALYSES
For this article thermally stable agents
include those in the alternate analysis where
thermal stability is imposed on molecular
and atomic parts. All thermally stable agents
and gases (Figure 2) have a combustion
quenching quantity (&eth;Qc ) near 1.72 kcal/
mole air. This is believed to contain a

critical uncompensated quenching which
must be removed to extinguish the flame.

For both thermal analyses, the relative
sizes of preheat (AQ ) and combustion (AQ~)
quenching are fully explained by all

available endothermic sinks-heat capac-
ity, halogen dissociation, and agent disso-
ciation. There is a distinct curve (Figures
1 and 2) for all agents forming HBr, Br, or
I. Each curve exhibits an ordered depar-
ture from the thermally stable baseline
(DELT-1.72) of preheat quenching. The relative
sizes of preheat and combustion quench-
ing are set largely by the size and tem-
perature dependence of dissociation sinks.
This includes the dissociation sink of the

halogen for the alternate analysis and the
dissociation sinks of the halogen and the
agent for the true analysis.

The actual curve for the bromine halons

(Figure 2) is more accurately defined by
computing secondary limit temperatures
and quenching quantities for the HBr-agents
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by arbitrarily partitioning them into mo-
lecular products containing Br2(Br) rather
than HBr(Br2 ,Br).

There are other experimental facts which
suggest another basic controlling effect.
This is best observed from results with
the alternate analysis (Figure 2) since tem-
perature dependent agent dissociation sinks
are not present. Combustion quenching
quantities higher than 1.72 kcal/mole air
are generally associated with those agents
which dissociate to form free chlorine or
fluorine monomers. Chemically bound
chlorine (HC1), on the other hand, has no
effect. The size ofAQ~ for an agent always
depends on the concentration of free Cl or
F at the limit temperature. For example,
SF 5Br which dissociates to form a low
concentration of Br and a high concentra-
tion of F at its true limit temperature,
1765 K, has a high &eth;Qc value of 3.3 kcal/
mole air. In contrast, SF6C1, which has
almost no free Cl or free F at its low limit

temperature, 1457 K, has a AQ,, value lower
than 1.72. These facts can best be ex-

plained by a lowering of the overall endot-
hermic sink by competing and concurrent
exothermic reactions. The exothermic re-
actions are believed to be between Cl or F
monomer and H or some other combustion

gas in or near the reaction zone. The com-

peting reactions effectively override any
cooling sinks contributed by the dissocia-
tion of C12 or F2. They increase the com-
bustion quenching (with its critical quan-
tity of heat), reduce the endothermic ef-
fectiveness. of the agent, lower the limit
temperature, and increase the concentra-
tion of the agent required for flame extin-
guishment.

THERMAL MECHANISMS: CONTROL
OVER LIMIT TEMPERATURE AND
FLAME EXTINGUISHMENT
It has been assumed that the true limit

temperature and the extinction concen-

tration of an agent are set by its actual
thermal properties and those of the flame
system. The alternate limit temperature

is that for the same agent which meets the
extinguishment criteria with the same
extinction concentration, but with altered
thermal properties. For example, the true
limit temperature for CF3Br (Figure 1)
with the heptane-air flame is 2010 K as
set by the actual cooling sinks of the agent.
When the decomposition cooling sink

(CF3Br-> CF3 + 1/2 Br2 ) is neglected (Fig-
ure 2), the alternate limit temperature for
the same extinction concentration is 2100
K.

Weight Concentrations and
Temperatures at Extinction Limits

It will be shown (Table 6, cf. infra) that
the extinguishing effectiveness (liMe) of
agents can be reliably predicted by adding
partial effectiveness values of molecular
parts and dissociation sinks. The unex-

pected additivity supports the proposition
that the effectiveness of each agent for a
given flame system is an inherent quan-
tity based on the agent’s thermal proper-
ties. In a continuing study, it was found
that the excess flame heat, AELTP or the
limit temperature, TLT , of an agent by
either thermal analysis is roughly defined
by the minimum weight concentration

(Equation 2) at flame extinction. This is

where,

Wei = is the minimum weight concentra-
tion at flame extinction, g/mole air

M. = is the molecular weight of the agent

Mei = is the minimum molecular concen-
tration at flame extinction, mole /mole air
demonstrated in Figure 3 where the mini-
mum weight concentration is plotted ver-
sus the limit temperature. There is a rough
but definite curve for each thermal analy-
sis. It is significant that the extinction
weight concentrations of the thermally stable
gases-N2 and C02-are consistent with
the curve for the alternate analysis re-
sults. This confirms that the limit tem-
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peratures observed with the alternate analysis
have magnitudes consistent with the al-
tered properties of the agents. Since agent
dissociation sinks for fluorocarbons and

hydrofluorocarbons have been neglected,
observed temperatures for these agents
are true limits where thermal stability is
imposed on all molecular parts.

Extinction weights for ten dry-chemical
powders2,4 and water mist29 are included
on Figure 3. Both curves appear to uni-

formly converge on these data points. The
consistency of the results for dry chemi-
cals, water mist, halons, and other gas-
eous extinguishing agents strongly sug-
gest that thermal mechanisms offer the
best explanation for quenching behavior.

Preheat Quenching and Limit
Temperatures
Additional evidence for thermal mecha-
nisms is based on the relative sizes of

preheat quenching quantities for agents.
To illustrate, the quenching quantity (Mei
AH p) or AQPis plotted versus observed limit
temperature for agents by both thermal
analyses (Figure 4). One should recognize
on this figure that the size of preheat quenching
for each agent and each thermal analysis
also defines the combustion or critical quantity,
AQ., which must be removed to extinguish
the flame. This is demonstrated with the

following equation.

Actually, limit temperatures and quench-
ing quantities for agents by the two thermal
analyses are interrelated by Equation 3.

The relationship on Figure 4 between limit
temperature and preheat quenching, AQP,
should be confined to results by the true
analysis. But, it also appears to be valid
for results by the alternate anlaysis for
agents where thermal stability is imposed
on molecular parts. Agents which dissoci-

ate to form free F and/or Cl have compet-
ing exothermic sinks and are not included
on Figure 4. -

For all agents where there is a relation-
ship between limit temperature and pre-
heat quenching, there is a similar rela-

tionship between limit temperature and
the relative sizes of preheat and combus-
tion quenching or (AQ /AQ~). For each agent
preheat quenching and extinction limits
(temperature and concentration) are fixed
by the required or critical quantity which
must be removed from the combustion region
to extinguish the flame. This critical quantity
for thermally stable gases is always near
1.7 kcal/mole air and is almost indepen-
dent of temperature.

Predicted preheat quenching for several
dry chemicals at their limit temperatures
are included on Figure 4. The heat trans-
fer rate between condensed particles and
reaction gases would be expected to be
low. If all particles are assumed to traverse
the preheat region of the flame without
decomposition, then the maximum preheat
quenching for each chemical would be its
heat-capacity sink at 1400 K. If this is

true, preheat quenching quantities and
limit temperatures are consistent for all

extinguish ants-dry chemicals, halons, and
gaseous agents. This also helps to confirm
pure thermal mechanisms for all types of
agents.

SELECTION OF THE ALTERNATE
THERMAL ANALYSIS FOR THE PRE-
DICTION OF EXTINCTION CONCEN-
TRATIONS

The relative sizes of preheat and combus-
tion quenching has been shown to define
all the principal properties at flame ex-
tinction. This is true for most common

extinguishants and for both thermal analyses.
However, the alternate analysis was se-
lected for the development of predictive
algorithms since properties by this analy
sis (Figure 2) exhibit exceptional consis-
tency, ordering, and predictability.
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Figure 3. Weight concentration, Well of agents of all types atflame extinction versus limittemperaturefor both thermal analyses;

Figure 4. Preheat quenching, AQP , of all types of agents at flame extinction versus limit temperature for both thermal analyse
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There were two important objectives of
the alternate analysis. One was to elimi-
nate all extraneous chemical interactions
and dissociations of normally stable mo-
lecular parts. Another was to introduce
completely independent thermal and
chemical properties of the dissociating
halogen molecules. The underlying pur-
poses of the analysis were: 1) to force all
thermally stable parts to have a common
combustion quenching or critical quantity;
2) to insure that any quenching due to
chemical inhibition or other possible ex-
tinguishing effects is directly related to
this common value; and 3) to insure that
all limit temperatures and quenching
quantities are interrelated and predict-
able.

Most of the objectives described above were
realized. All stable gases (Figure 2) do
have a common critical quenching quan-
tity of about 1.72 kcal/mole air which does
not appear to change with temperature.
Limit temperatures and quenching quan-
tities exhibit exceptional ordering. To make
this more evident, curves for (Ofl~ = 1.72)
and for the total excess flame energy, AE~,
of the nheptane-air flame have been drawn
over the full temperature range as refer-
ence lines.

PROPERTIES OF LIMIT QUANTI-
TIES ; FUNDAMENTALS FOR PRE-
DICTION OF EXTINGUISHING EF-
FECTIVENESS

Common Limit Temperatures for

Groups of Similar Substances

Common limit temperatures, TLT; were ob-
served for groups of substances with simi-
lar thermal and chemical properties (Table
5). This behavior would be expected and
can be explained by the controls over the
limit temperature discussed in previous
sections.

From the standpoint of quenching proper-
ties, all thermally stable agents (includ-
ing those where all molecular parts are

stable) are in a special class. All these

agents have about the same critical quan-
tity of 1.72 kcal/mole air (Figure 2). And,
the level of the limit temperature for each
agent, as previously discussed, is defined
by the size of the available preheat quenching
zip). Observed limit temperatures for typical
agents (Table 5) do vary from about 1842
to 1896 K. But, since these small varia-
tions can be due to experimental errors or
to differing parameters of cup burner mea-
surement systems, all thermally stable sub-
stances, at least for the present, have been
assigned an average limit of 1880 K.

All the finely-divided dry chemicals have
limit temperatures based on experimental
extinction concentrations which are near
2160 K. It is significant that optimum droplet
size water mist, a recognized thermal agent,
and bromine mist, a chemical agent, have
limits of the same magnitude as that of the
dry chemicals. Explanations for the high
limit temperatures are addressed later in
this article.

Experimental Evidence for Additive
Properties of Flame Extinguishing
Effectiveness and Enthalpy; Special
Circumstances Related to Additive
Properties

Most dry chemicals were shown’ to have a
common limit temperature. Under special
circumstances this was also true for groups
of gaseous extinguishants with similar chemi-
cal and physical properties (Table 5). The
additive properties of extinguishing effec-
tiveness (1/Mei) with the heptane-air flame
is illustrated in Table 6 for three groups
of similar substances-the dry chemicals
and two organic groups. For the organics,
partial effectiveness values for molecular
parts at each specific temperature are based
on Equation 4 and are listed at the right
side of each group. The required enthalpy-
gain quantities, ~HLT, for thermally stable
molecular parts were obtained from the
JANAF Tables7.8 and theoretical excess-
heat quantities, AE LTY from Table 1. En-

thalpy gains for bromine and hydrogen
bromide included their enthalpies of dis-
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Table 5. Common limit temperatures for groups of extinguishants with common proper-
ties (Organics based on STANJAN calculations) .

sociation at TLT. These were obtained with
STANJAN at an average concentration of
the extinguishant in air.

Flame extinguishing effectiveness values
as predicted by the additive principle are
compared in Table 6 with experimental values

and the agreement is excellent. However,
this procedure with halogen compounds was
limited to short molecules where Br or HBr

represent about one-half the molecular products.
It will be demonstrated later that the con-

tributing temperature for halogen dissocia-
tion is a proportionate effect.

The dry chemicals illustrate a special situation.
The powders exhibit complex decomposi-
tions well above 298, so the additive prin-
ciple is applied to arbitrary molecular products
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at 298. The effectiveness of Na, K, HC03)
and C03 were obtained mathematically
from the effectiveness values of NaHC03,

KHC03, Na2co3, and K2co3, The additive
properties of dry-chemical parts illustrate
the generality of the principle.

Table 6. Evidence for additive properties of extinguishing effectiveness (1/Mel) at com-
mon temperatures: Prediction of extinguishing effectiveness of agents by adding the
effectiveness of atomic and molecular parts at 298 K. (Units of M,i, moles/mole of air)
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CORRELATIONS AND ALGORITHMS
FOR THE PREDICTION OF FLAME
EXTINGUISHING EFFECTIVENESS
OF GASEOUS AGENTS
Prediction of Alternate Limit Tem-
peratures; Additive Properties

Limit temperatures, TLTI for most gaseous
substances can be reliably predicted by
proportionately adding contributing tem-
peratures for molecular parts at 298 K

(Equations 5 and 6). The molecular parts
and the number of

moles of each in an agent can be obtained
by simple modifications to those obtained
by the rules in Table 2. The modifications
are required to roughly reflect changes in
the number of moles at higher flame tem-
peratures. These,,are as follows: C12 = 2CI,
Br2 = 2Br, and IZ = 21. Each molecular part
at 298 K is assigned a specific contribut-
ing temperature. These contributing val-
ues (Table 7) are based on mathematical
analyses of experimental data. All ther-
mally stable molecular parts have a con-
tributing value of 1880 K. This forms the
base and reference value for all tempera-
ture predictions.

Endothermic dissociation sinks for halo-

gens are proportionate effects. They, gen-
erally, raise the alternate limit tempera-
ture of a substance by an amount propor-
tionate to the mole fraction of the contrib-

uting molecule or atom. However, it has
been observed that each inhibiting halo-
gen has a very specific maximum limit
temperature. Agents with bromine have a
maximum value of about 2110 K while

agents with iodine appear to have a maxi-
mum of about 2130 K. Competing exother-
mic sinks contributed by CI or (SF5) in the
combustion zone also give rise to propor-
tionate effects, but they lower the limit

temperature of a substance below its ex-
pected value and decrease the overall ef-
fectiveness of the agent. =

Table 7. Contributing temperatures of
molecular and atomic parts for the
prediction of limit temperatures of
extinguishing substances

I

Predicted limit temperatures (TLT) for the
extinguishing substances included in this
study are presented in Table 8 and com-
pared with corresponding observed val-
ues. The agreement, in general, is good.
Proportionate effects are confirmed since
halogenated substances with higher con-
tributing temperatures approach the same
common or base value of 1880 K as the
relative proportion of halogen in an agent’s
molecule becomes small. Two agents have
not been included in the study-CH2F2 and
CHF3-since they have been observed to
be flammable38.
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Table 8. Prediction of limit temperatures
of agents by additive principlesa

Footnote: aobserved limit temperatures are
based on the same experimental extinc-
tion concentrations as those presented in
Table 9.

The temperature lowering effects due to
competing exothermic reactions appear to
be independent of the relative proportion
of free Cl or F in the flame. On the other
hand, the reduction in the overall endot-
hermic effectiveness of an agent at its limit
temperature , when competing exothermic
reaction take place, has been shown to be
almost proportional to the concentrations
of free F and/or Cl. This can be explained.
At flame temperatures higher than the
limit, the large exothermic heat input from
the reaction of the large concentrations of
free F and/or Cl reduces the effectiveness
of the agent. The concentration of the agent
must be increased and the temperature of
the flame reduced to the level that the
endothermic sinks can meet the extinguishment
criteria.

Prediction of Flame Extinguishing
Effectiveness of Gaseous and Highly
Volatile Liquid Agents

A principal objective of this study was to
derive a procedure for accurately predict-
ing the flame extinguishing effectiveness
of existing and new agents on the stoichio-
metric heptane-air flame. This, we believe,
has been accomplished.

Each extinguishing substance has a unique
limit temperature, TLT, which can be accu-
rately predicted. The effectiveness of an
agent can be roughly obtained from its

predicted limit temperature, its preheat
quenching, LBQp ,from Figure 4, and its

enthalpy-gain quantity, ô’Hp , at 1400 K
from Table 4. However, more reliable values
can be predicted by a second method. The
extinction concentration of an agent is
obtained from thermal properties at pre-
dicted alternate limit temperatures with
Equations 7,8, and 9.

where,
Cei is concentration of agent ei,

mole % in air
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The prediction method is unique in that it
does not require further use of STANJAN.
Predicted values are presented in Table 9
and compared to experimental values. If
we exclude results for two substances-

CF3C1 and CFgCF2I-where experimental
results are believed to contain significant
error, the average difference between pre-
dicted and experimental concentrations is
± 5.2% for 37 agents. The authors believe
that this agreement is excellent since the
experimental results were measured in cup
burner systems of many different designs.

To further test the predictive algorithm
and the maximum limit temperature con-
cept for bromine-containing substances,
flame extinguishing effectiveness values
were predicted for several substances with
observed extinction concentrations from a

study by the Purdue Research Founda-
tion37. Extinction concentrations from the

study at reduced system pressure were
normalized to a value of 3.5% for CF3Br at
1 atm. Two substances, CF2Br2 and CH2BrCl,
are included to validate the normalization

procedure. Predicted concentrations are
compared to observed values in Table 10.
If one excludes the result for C2H 5Br which
by analogy is not of correct magnitude, the
average deviation of predicted and observed
concentrations is ± 7.6%. This helps to

validate the predictive scheme and the
proposed flame extinguishment criteria.

To clarify the procedure for predicting the
extinguishing effectiveness of an agent,
all the steps involved are listed below and
intermediate figures are given for CF3Br
as a guide:

1) Partition the agent into molecular parts
at 298 K by the general rules outlined
in Table 2 (CF 3Br --> CF3 + 1/2 Br2 ).

2) Modify the molecular parts at 298 to
reflect changes in the number of moles
at temperatures of 1400 K and above.
These are as follows; C12 = 2C1, Br2 =
2Br, and I2 = 21 (CF3Br ~ CF3 + Br).

3) Calculate the limit temperature with

Equations 5 and 6 using contributing
temperatures for molecular parts from
Table 7 (T LT 1: 2100 K).

4) The total excess energy at TLT for the
heptane-air flame is obtained from Table
1 (AELT = 2.493 kcal/mole air).

5) Calculate the enthalpy gain of the agent
from the gains for its molecular parts
(Table 4) using Equation 7 (AHLT= 68.22).

6) Calculate the extinction concentration
in mole/mole air or mole percent from
Equations 8 and 9 (M~=.0365 and

Cei=3.52%).

PREDICTION OF’ EXTINGUISHING
EFFECTIVENESS OF AGENTS ON
DIFFUSIONFLAMES OF OTHER
FUELS; ALTERNATE THERMAL
ANALYSIS
Limit temperatures for CF3Br when used
as extinguishant on a number of different
hydrocarbon cup flames were obtained from
experimental extinction concentrations25.
The alternate limit for each fuel was ob-
tained as described for heptane. It is the
maximum flame temperature where the
total excess heat of the flame system (Table
1) is removed by the available quenching
[ where (DELT )C - (Mej AHLT)fi ]. Experi-
mental extinction concentrations for CF3Br
are plotted on Figure 5 versus the theo-
retical excess flame heat for each fuel at
its limit temperature. The concentration of
the agent reguired to extinguish each fuel
fire is clearly proportional to the excess
flame heat at the limit (Equation 10). This
relationship is further substantiated and
defined by plotting the same quantities

(MCF3Br)fi = 0.01509 (&eth;ELT)fi - 0.00107 (10)

for CF2CIBr. The results for CFZCIBr were
normalized to those of CF3Br. The extinc-
tion concentrations were obtained largely
from the work of Hirst and Booth25. Their
results covered many fuel systems and have
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Table 9. Prediction of flame extinguishing effectiveness of gaseous substances on the
heptane-air diffusion flame; based on enthalpy gain (milt) and excess flame heat (AELT)F
at predicted limit temperatures; Alternate Analysis.

Footnote Table 9: H Observed extinction concentrations normalized to base value [25]

using 3.5% for CF3Br.
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Table 10. Prediction of flame extinguishing effectiveness of gaseous substances on
the heptane-air diffusion flame; based on enthalpy gain (milt) and excess flame heat
(AELT)F at predicted Iimit temperatures. ’

Figure 5. Experimental extinction concentrations of CF3Br and CF2CIBr versus the excess flame energy for a series of linear
hydrocarbon-air fuels at extinction:
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Table 11. Excess flame energies for various fuels (Equation 10) at the flame extinc-
tion of CF3Br

an unusual degree of internal consistency.
Robin32 stated that the relative effective-
ness of a series of agents is independent of
the fuel. If this is true, Equation 11 should
apply.

where,

If Equation 11 is valid, the extinction
concentration of any agent on any fuel
flame can be readily predicted. The ex-
tinction concentration of a given agent on
the heptane-air flame, (Me)P can be pre-
dicted by the procedures outlined in this
article. The required value of (MCF3Br)fi is
calculated with Equation 10 using (AELT)
for fuel &dquo;fi&dquo; from Table 11. This procedure
allows one to predict the extinction con-
centration of an agent, (Me)fi’ on almost
any linear hydrocarbon-air flame. How-
ever, due to the scarcity of experimental
data, verification of the procedure is very
limited.

DISCUSSION
Additional Evidence: Pure Thermal
Inhibition for Halons and Dry
Chemicals

It has been demonstrated that there is

surprising internal consistency among dry
chemicals, halons, and other gaseous agents
when either preheat quenching, AQPI or
extinction weight concentration, Weig are
plotted versus limit temperature (Figures
3 and 4). These results do not show evi-
dence of chemical effects. However, based
on the emphasis which investigators in
the past have placed on kinetic mecha-
nisms, additional arguments against the
existence of these mechanisms at flame
extinction should be reviewed.

The properties and characteristics of chemi-
cal kinetic mechanisms at low inhibitor con-
centrations have been extensively studied3.
The real question is whether or not chemical
mechanisms exert any significant inhibition
control over premixed or diffusion flames at
or never flame extinction.

In introducing some comments and ques-
tions about chemical effects with dry chemicals,
only homogeneous mechanisms are con-
sidered since the existence of heteroge-
neons types have been shown recently 2&dquo; to
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be impossible. Homogeneous mechanisms,
of course, require thermal dissociation of
the dry-chemical powders. One prevalent
explanation for a chemical effect3,4 is that
free alkali metal atoms react with water
molecules in the flame to form hydroxide
molecules which are the inhibiting spe-
cies. Another explanation 13 is that sodium
and potassium atoms act as catalysts for
radical recombination reactions. Thermo-

dynamic calculations support the proposed
reaction of alkali metal vapors with wa-
ter. However, these reactions cannot take
place without satisfactory kinetic rates.
Actually, there are several experimental
facts which argue against both the pres-
ence of alkali metal hydroxides in the reaction
region and contribution by chemical mecha-
nisms. Elemental potassium and sodium
vapors (at concentrations greater than those
for dry-chemical extinguishment) were
found not to inhibit methane-air diffusion
flames4o,m. Skinner42 obtained similar negative
results when sodium vapor was added to a

premixed hydrogen-air flame. Iya, et al. 13
reported absorption spectroscopy data which
show that sodium from the complete dis-
sociation of bicarbonate exists as free so-
dium atoms at the end of the reaction zone.
If the hydroxide is the chemical inhibiting
species, it is also difficult to understand
why the mass extinguishing effectiveness,
1/W~~, of NaOHI at fine particle sizes is of
the same order of magnitude as that ob-
served for NaHC03. In fact, the effective-
ness of NaOH is predictable as are other
dry chemicals by its thermal cooling sinks’.
None of these arguments preclude the existence
of chemical mechanisms at low inhibitor
concentrations. But, these experimental
facts and other results presented in this
article argue strongly that finely-divided
alkali metal salts have no significant chemical
inhibition at or near flame extinction.

If one assumes that chemical inhibition

plays a leading role in the extinguishment
of dry chemicals, there are several experi-
mental facts which are difficult to explain.
Would H 20 (optimum droplet size), Nad,
KCI, CuCI, NH4H2P04, and AICI 31 exhibit
chemical inhibition? How does one explain

by chemical mechanisms that all the sub-
stances listed and most of the dry-chemi-
cal powders have almost the same mini-
mum weight effectiveness and almost the
same limit temperature at flame extin-
guishment ? The presence of water mist in
the group is even more difficult to explain.
Water mist has always been considered a
thermal inhibitor. Extinction concentra-
tions near 5.0 mole % in air have been
observed with diffusion flames at near optimum
droplet sizes by Lugar,29 and Ewing, et al.
(5.5-6.5 mole % in air43). Somewhat higher
minimum concentrations were observed

by Hanauska, et al.44 and Holmsted t45 in

propane diffusion flames-9.0.and 13.3 mole .
%, respectively. It was not clear whether
these results were for optimum droplet
sizes. Regardless, limit temperatures and
minimum extinction weights (Wei) for the
higher concentrations when plotted on Figure
3 are intermediate between those for the

dry chemicals and halons. All the water
mist results are consistent with the con-

cept of thermal mechanisms for all agents.

The extinguishment data for halons (Fig-
ure 1-4) are completely explained by ther-
mal mechanisms when all dissociation sinks
are taken into account. It is interesting to
also consider the extinguishment data for
free bromine. The only observed extinc-
tion concentration found (2.3%) was for a

premixed flame. However, the limit tem-
peratures observed for both halons and
dry chemicals on premixed flames are knownl 1

to be almost the same as those on diffusion
flames. The limit temperature for bromine
by Equation 1 was 2160 K. These results
for bromine are consistent with those for
the dry chemicals and halons (Figures
3 and 4). Again, evidence of specific chemical
effects for bromine or the halons is not

apparent.

Additional Confirmation of New
Extinguishment Principles

The effectiveness of an agent on a diffu-
sion flame may be affected by the direction
of application of the agent stream and by
the relative areas or volumes of the pre-
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heat and combustion regions presented to
the agent stream. If preheat quenching by
this geometric effect is partially or com-
pletely eliminated, one would expect ahigher
limit temperature and a higher effective-
ness of an agent. The possibility of this
effect is reinforced by some experimental
data.

More than 80% of total agent quenching
for many fine dry-chemical powders should
be in the combustion region of a premixed
flame. With diffusion flames, depending
on the geometric effect, a much larger
proportion of quenching could be in the
combustion region. It has been shown ex-
perimentally that there is almost no low-
ering of the flame temperature when heat
is largely removed from the combustion
region of the flame15-19. Holmstedl9 also
demonstrated with a diffusion flame that
for a fine dry-chemical powder there is no
significant change in the heat release rate
and, presumably, no change in the tem-
perature of the flame until the extinction
limit is reached. Dry chemicals with large
particle sizes have only heat-capacity sinks
and there should be a much lower propor-
tion of quenching in the combustion re-

gion. It has been observed that these agents
and thermally stable powders exhibit a
uniform change in flame velocity with a
pre-mixed flame’6 and a uniform change in
temperature and heat-release rate with a
diffusion flame19.

Holmsted also found for CF3Br that a small
concentration reduced the heat release rate
for the diffusion flame by about 20% and
that a further addition did not reduce the
rate until the extinction limit was reached.
This halon has an observed limit tempera-
ture of 2010 K which is over 200 degrees
below the maximum temperature of the un-
inhibited flame. It also has a preheat quenching
quantity of 2.1 kcal/mole air and a combus-
tion quenching of 1.6 kcal/mole air. One
would expect a reduction in temperature for
the preheat quenching with a leveling off of
temperature for the combustion quenching.
Therefore, these experimental observations
are consistent with the new principles for

flame extinguishment.

Premixed flames have ideal properties for
a study of flame extinguishment phenom-
ena. Where fine dry-chemical powders or
gaseous halons are introduced at increas-

ing concentrations into the fuel-air mix-
ture at low concentrations there is a rapid
drop in flame velocity, but at higher con-
centrations velocity levels off with almost
no change as the extinction limit is ap-

proachedqs-q8. The precise reason for this is
unknown. However, one of the new crite-
ria was that flame velocity is largely
controlled by quenching in the preheat
region. One likely possibility, therefore, is
that the shape of a curve for a given in-
hibitor is determined by a combination of
velocity lowering by preheat quenching
and a leveling off by combustion quench-
ing. This has credibility since initial ve-
locity changes for dry chemicals are re-
lated to extinguishing effectiveness46. In
fact, velocity change for premixed flames
is a recognized measure of agent effective-
nessl4. There is also the added possibility
at low inhibitor concentrations of chemi-
cal mechanisms or some other concentra-

tion-dependent effect.

The principle that quenching in the pre-
heat region exerts almost all control over
flame velocity, and perhaps diffusion rate,
can be experimentally demonstrated. With
the premixed flame, one can introduce an
extinguishant powder by gravity onto the
flame front. This is an interesting experi-
ment since cooling sinks, then, should
occur mainly in the combustion region.
Kucnerowicz-Polak49 and Bulewicz E.M. et
al.17 performed this type of experiment with
a lean (7%) upward propagating methane-
air flame and several dry-chemical pow-
ders. Extinction concentrations were of

the correct magnitude for powders with
dissociation or vaporization sinks - KCI,
NaHC03, and Monnex - and also for those
without dissociation or vaporization sinks
- CaC03, A]2031 and SiO~. However, flame
velocities for each powder increased at
lower concentrations but, then, remained
high until the extinction limit was reached.
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This is completely at variance with the
reduction in flame velocity always observed
when powders are introduced behind the
flame front. It suggests that almost all
thermal sinks for the unusual experimen-
tal conditions occur in the combustion region
and that there is no velocity reduction
effect by quenching in this region of the
flame. All the facts presented in this sec-
tion are consistent with the new principles
presented earlier for flame extinguishment.

General
Two thermal analyses at limit conditions
have been presented. The first is based on
the heats of formation of agents and the
second on the heats of formation of their
molecular parts. The first contributed true
limit temperatures and corresponding quench-
ing quantities, but no useful generaliza-
tions. However, true analyses were made
with STANJAN where often nineteen pos-
sible equilibrium products in the flame
were considered, and this information is
useful. The true limit temperatures for
nitrogen, carbon dioxide, chlorofluorocar-
bons, fluorohydrocarbons, and fluorocar-
bons range from about 1450 to 1890 K.

Higher limit temperatures ranging from
1900 to 2185 K were obtained for dry chemicals,
bromofluorocarbons, bromo-hydrocarbons,
bromofluorohydrocarbons, and
iodofluorocarbons. However, it is gener-
ally conceded in recent studies with both
premixed and diffusion flames13,15-ls that
dry chemicals and gaseous halogen com-
pounds have higher limit temperatures.
The range of limit temperatures and other
results in this study argue against any
correlation, model, heat balance, or theory
based on a single critical limit tempera-
ture (1600 to 1700 K) for a hydrocarbon
flame.

Limit temperatures by the two thermal
analyses have been shown to be directly
interrelated. Either limit for an agent can
be reliably predicted from the other. How-
ever, alternate limits and quenching quantities
were chosen as the basis for the predictive
algorithms presented. These alternate

quantities have been shown to exhibit

exceptional consistency and ordering. This
has contributed to a reliable prediction of
the flame extinguishing effectiveness of
most gaseous organic extinguishants. More
importantly, perhaps, this type of analy-
sis eliminates the temperature variability
of substance decomposition and the minor
interactions or decompositions of hydro-
carbon and fluorocarbon products. This,
then, permitted an unusually effective study
of flame extinguishment and the actual
processes involved.

Numerous theories and extinction mecha-
nisms have been advanced to explain the
existence of flammability limits24. These
include the transfer of heat from the flame
to surroundings, convection, chemical ki-
netics, flame stretch, composition range,
limit temperature, preferential diffusion
of a reactant in the flame, and the action
of instability factors. One widely recog-
nized theory supported by Jarosinski24 can
be described as follows. As the composi-
tion of the limit mixture is approached,
the flame is extinguished when heat losses
from the flame to its surroundings exceed
the heat-release rate by a critical amount
(by 8%24). This theory is consistent with
the limit-temperature arguments presented
in this article.

Suppression effects other than chemical
and thermal are reported 31 be significant
with some agents. These include an in-

crease in heat transfer due to thermal

conductivity, dilution of reactant molecules,
and incomplete combustion. Helium and
neon have not been included in this study
because they are reported to have high ther-
mal conductivity and dilution effects31.

However, for the other agents in the study
the consistency and ordering of limit tem-
peratures and other quantities appear to
rule out other significant suppression ef-
fects.

It has been impossible to study the gener-
alization of the present model to cover

unsaturated organics due to the scarcity
of extinguishment data. However, two
unsaturated types were covered in Table
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9. And, the same treatment does appear to
be satisfactory for limited unsaturation in
larger molecules. No attempt has been made
to extend the extinguishment model to cover
non-adiabatic and premixed flames. Obvi-
ously, the model and heat balance, if re-
quired, can be based on one mole of oxygen
instead of air. It is an accepted fact, that
premixed and diffusion flames are extin-
guished by finely-divided dry-chemical
powders with no large change in the adia-
batic temperature of the flame until the
extinction limit is reached16-19.49. The level
of the limit temperature for purely ther-
mal agents is largely set by the relative
sizes of preheat and combustion quench-
ing. For example, if preheat quenching by
an agent is relatively low, its limit tem-
perature should be high. In actual fact,
the flame extinguishing effectiveness of

finely-divided dry chemicals on premixed
flames can be predicted with a heat-bal-
ance equation[1, 4] and the diffusion flame
limit of 2160 K. One would anticipate this
for dry chemicals where preheat quench-
ing would be expected to be unusually low
for either type of flame. However, preheat
quenching is much higher for gaseous agents,
and limit temperatures when used to ex-
tinguish premixed flames are usually 100
to 200° lower than those for diffusion flames.

However, the authors believe that the heat-
balance equation and the extinguishment
criteria can be broadened to cover non-

adiabatic, premixed and all types of hy-
drocarbon-air flames.

CONCLUSIONS
Thermal quenching by external sources
has been shown to be interchangeable with,
and almost equivalent to, the cooling and
quenching by thermally stable gases and
by substances which dissociate, decompose,
or vaporize in the flame. The arguments
and the model presented support the pos-
tulate that the inherent thermal proper-
ties of an agent in a given flame system
determine its limit properties. The rela-
tive sizes of preheat and combustion quenching
sets the level of the limit temperature and

the flame extinguishing effectiveness.

The authors believe that this study helps
to define all actions in the extinguishment
of a flame. Evidence has been presented to
show that heat removal is the controlling
mechanism by which dry chemicals and
halons extinguish flames. However, it should
be recognized that regardless of whether
the limit temperatures are set by thermal
or chemical mechanisms, thermal cooling
is the mode by which Class B flames are
ultimately extinguished. And, the contri-
butions of the extinguishment model to

theory and prediction of extinguishing
effectiveness are still valid.

The adiabatic flame temperature and all
quenching contributed by an extinguishant
are related by a simple flame heat balance
and by what we believe to be a new con-
cept. A flame is extinguished by a particu-
late or gaseous substance at the concen-
tration and at the maximum (limit) tem-
perature where both the total excess flame
heat and the critical quantity of heat in
the combustion region are removed. At this
limit state, all heat losses from the flame
exceed the heat produced by the combus-
tion reactions. Several extinguishment
postulates related to processes occurring
in the preheat and combustion regions of
the flame have been substantiated.

The extinguishment model and the flame
heat balance have been used to accurately
predict the extinguishing effectiveness of
most gaseous, highly volatile liquid, and
condensed agents. When computerized, the
model should provide the predictive scheme
required for a more efficient and more
fruitful search for ecologically safer and
more effective agents.

The paper has presented a more complete
understanding of the extinguishing pro-
cess and the relationship of the agent’s
properties to its flame extinguishing ef-
fectiveness. In the search for alternate

agents, one should focus on several spe-
cific properties which would be expected
to increase a potential agent’s effective-
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ness :

1) Consider finely ground solid powders and
liquids dispensed as stabilized droplets.
These have the highest known limit tem-
perature and maximum effectiveness.

2) Seek halons and agents with low po-
tential preheat quenching and with all
dissociation sinks at temperatures above
1400 K.

3) Avoid agents which dissociate to free
chlorine or fluorine. They have com-
peting exothermic reactions in the com-
bustion region of the flame, lower limit
temperatures, and severely reduced
extinguishing effectiveness.
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NOMENCLATURE
C Flame extinction concentration,

mole or volume %

Cp Heat capacity (kcal mole-’ -C-1)

AET Theoretical excess flame heat at

any temperature T for a specified
flame system, (kcal mole-’)

DELT Theoretical excess flame heat at
the limit temperature,TLT, for a
specified flame system and ther-
mal analysis (kcal/mole air)

AH~ Potential enthalpy gain by an agent
in the combustion region above
1400 Kfor a specific thermal analysis
(kcal mole-’)

&eth;Hp Potential enthalpy gain by an
agent in the preheat region be-
low 1400 K for a specific thermal
analysis (kcal mole-’)

AHLT Total potential enthalpy gain by
an agent at its limit temperature,
TLT , for specific thermal analysis
(kcal mole-’)

AH To Reaction enthalpy at the initial
temperature of flame reactants,
nominally 298 K (kcal mole-’)

MCF3Br Minimum extinction concentration

of CF3Br (moles/mole air in agent-
air mixture)

M Concentration of a substance or
of a product (moles/mole air in
agent-air mixture)

m.i Minimum extinction concentration
~~ 

of agent ei at flame extinction

(moles/mole air in agent-air mix-
ture)

N Mole fraction of molecular or atomic

part in molecule of the original
agent

AQ Critical quenching by agent in

the combustion region of the flame
at the extinction limit, TLT, for a
specified thermal analysis (kcal/
mole air)

~(g,lp p Quenching by agent in the pre-
heat region of the flame at the
extinction limit, TLT , for a speci-
fied thermal analysis (kcal/mole
air)

AQLT Total quenching by agent in both
regions of the flame at the ex-
tinction limit,TLT, for a specified
thermal analysis (kcal/mole air)

~Q~b Enthalpy of Combustion of fuel
at 298 K (kcal mole) -1 )

Ro, Factor correcting for degree of
dissociation (or non-dissociation)

. and for the moles of product per
mole of agent

Tcont Contributing temperature of a speci-
fied part in the additive scheme
for predicting the alternate limit
temperature of an extinguishing
substance

TLT Adiabatic limit temperature of a
flame at extinction; Equation 1

based on a specified thermal analysis
(K)

To Initial temperature of flame re-
actants and extinguishing sub-
stance (normally 298 K)

T Adiabatic temperature of flame
(K)

Wei Minimum weight concentration
of agent ei at flame extinction (g/
mole air in agent-air mixture)

Xm Moles of a molecular or atomic

part from the dissociation or par-
titioning of an agent’s molecule
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SUBSCRIPTS

CF3Br Quantity for the extinguishing
substance CF3Br

di Quantity related to the dissocia-
tion of combustion products
, C022 H2, 0~, etc.)

ei Quantity for extinguishing sub-
stance ei

Ii-

f Quantity for n-heptane fuel in air
flame

fi Quantity for any specific hydro-
carbon fuel in airflame

i Quantity for any undissociated
extinguishing substance or any
product from its dissociation and/
or vaporization

N2 Quantity for nitrogen or any other
. gas in agent-air mixture

p Quantity for any molecular or atomic
part from the original agent

pf Quantity for anyone of several

products from the combustion of
. the fuel or from the dissociation

of the initial products

ri - Quantity for any dissociation and/
. 

or vaporization of an extinguish-
ing agent or a product
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