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SECTION I
INTRODUCTION

OBJECTIVE

The objective of this effort is to extend, develop, or originate an

extinguishing agent to combat magnesium fires.

BACKGROUND

A number of very costly incidents have occurred that exemplify the impor-
tance of configuration and type of burning material in fire suppression. One
recent incident was a C-5A engine fire at Altus Air Force Base (AFB),
Oklahoma. The overall fire was controlled by mass applications of Aqueous
Film-Forming Foam (AFFF). A small unit of a Class D agent was available but
ineffective for the vertical configuration involved. Other examples of unsup-
pressed burning caused by configuration and/or material type providing con-
tinuous ignition to normally extinguished fires included a B-52 fire at Grand
Forks AFB in September 1980, a C-141 fire at Charleston AFB in September 1979,
and an EC-135 fire at Langley AFB in January 1980.

The deve]opmént of firefighting agents has been oriented toward agents
needed to extinguish the majority of fuels--primarily liquid propulsion fuels
and cellulosic materials. A general extinguishing agent does not exist for
metal fires, especially those involving magnesium in configurations not

directly accessible or in suspended, vertical orientations. -

SCOPE

The scope of this task involves the evaluation of existing extinguishing
agents for metal fires as to their applicability to general configurations.
Extensions of existing agents via addition/reformulations are evaluated. If
existing agents cannot be made acceptable, new compounds will be sought.
Testing of new and modified extinguishing agents for general-configuration

~metal fires will prove suppression and extinguishing capabilities. The final



product of this effort will be a technical report detailing all work accom-

plished, conclusions, recommendations, and a draft specification to procure
the extinguishing agent to be delivered in a separate report.

NOMENCLATURE

Halons are halogenated hydrocarbons. When used generically, the word
“halon" remains uncapitalized; however, when used as part of a designation for

a specific compound, e.g., Halon 1211 or Halon 2402, it is capitalized.



SECTION II
PHASE I--EVALUATION OF EXISTING AGENTS

TASKS FOR PHASE I

In Phase I, existing extinguishing agents for metal fires shall be iden-
tified and their properties and compositions noted. Performance tests shall
be conducted. Literature pertaining to the nature of metal fires and their
combustion and extinction mechanisms shall also be documented. Based on the
results of this effort, a recommendation shall be made on how to best accom-
plish the end result of a general-configuration metal fire-extinguishing

agent,

BURNING AND EXTINGUISHMENT

A generalized description of burning and extinguishment is presented in
this section. A review of the extinguishment of burning solids is then pre-
sented. The summary of thermophysical models for the burning of magnesium is
followed by a review of the homogeneous reaction kinetics for magnesium.

These fundamentals help in understanding and evaluating the burning and extin-
guishment of magnesium during the origination and/or development of an extin-

guishing agent to combat magnesium fires.

Basics of Fire Extinguishment

A fire is simply the balance of heat input versus heat loss, Qin versus
Qbut‘ If QOut is greater than Qin’ the fire goes out. The initial Qin is
provided by an igniter, such as a match. If a fire is started by the igniter,
the Qin is provided by the reaction in the fire. This reaction is usually a
fuel being oxidized by the oxygen in the air. Some fuels which react to pro-
duce heat (exothermic reaction) do not involve oxygen; however, these are

fewer than those involving ‘air oxidation of a fuel to produce energy.

A fire will be extinguished when Qout is greater than Qin' Several fac-
tors contribute to Qin‘ One important factor is the heat release from the
chemical reactions that occur at a certain rate. The rate of a chemical reac-
tion increases as the concentration of the reactants (fuel and oxidizer spe-
cies) increase and as the temperature is increased. Another important factor



is the radiation and conduction from the flame front. These are transmitted

to the fuel surface to heat the fuel so that it is released toward the flame
front, where it reacts with the oxidant. Knowing the basic factors that com-

pose Qin leads to several means of extinguishing a flame by lowering Qin and
relatively increasing Qout'

The various approaches to the practical problem of extinguishing fires

can be categorized as follows:

1. Isolate the fuel.

2, Isolate the oxidizer.

3. Cool condensed fuels,

4, Cool the gas phase.

5. Blow away the flame,

6. Inhibit chemical reaction homogeneously.

7. Inhibit chemical reaction heterogeneously.
The means by which fires can be extinguished may be broadly subdivided into
physical mechanisms, Categories 1-5; and chemical mechanisms, Categories 6 and
7. The action of extinguishing agents which are in practical use and which

may simultaneously involve several of the categorical effects are discussed
below,

Physical Extinguishment

If a fire is of the nonpremixed type, it can be extinguished by
separating the reactants with an inert blanket. This mechanism operates with
gas, liquid, and solid extinguishers to a greater or lesser degree; but is
particularly important in the case of foams. The principal function of foam
for extinguishing liquid fuel fires is the isolation of the fuel by forming a
relatively long-lived blanket. The foam also cools the condensed and, per-
haps, gaseous phases; but the reduction in the reactant concentration is the
primary mode of operation., If air is the foaming gas, then the water film and
its additives must be the active agents of suppression. On the other hand, if
the foaming gas is noncombustible, the foam film acts as a barrier to retain



the blanket of inert gas. It appears obvious, and has been confirmed experi-

mentally, that inert gas foam is more effective than an air foam. An addition
to the reactant separator category has been surfactants, that is, surface

active agents which form a monomolecular or thicker layer over a burning 1ig-
uid, reducing its vapor pressure below the flammability limit. The combina-

‘tion of such agents with foam and powder is particularly effective,

A common method of extinguishing a fire is to blanket it with an
inert gas. Carbon dioxide and nitrogen gases extinguish flames chiefly by
their blanketing effect, which isolates the oxidizer. Many substances which
are essentially inert under usual fire conditions may become reactive under
unusual conditions. For instance, CO, and H,0 contain oxygen, which may be
extracted and used as the oxidant under very high temperature or very reactive
conditions.

As with most extinguishment techniques, several processes are impor-
tant in fire suppression; and it is often impossible to separate them or iso-
late the dominant processes which may vary from case to case. With €O, extin-
guishers, the material is added in the form of Tow-temperature snow, and the
action can be manifold. The gas will dilute and lower flame temperatures.

The heat of sublimation of the CO; is appreciable; and this result lowers the
flame temperature. The solid particles can fall into a burning liquid pool,
producing a froth of cold bubbles which reduces the vapor pressure of the
liquid through the combined actions of cooling and evaporation, bringing the
liquid below the flash poiht. The jet of cold gas may produce such steep
velocity gradients that the fire is blown out. Finally, the gas provides an
inert blanket separating the burning fuel from the surrounding oxidizer,
Carbon tetrachloride and methyl bromide likewise exert a blanketing effect in
their application to fires. Additives may be used to decrease the runoff by
increasing viscosity and by forming a reflecting barrier over the burning surface
reducing the radiant heat transfer.

The most effective mode of action of water as a fire suppressant is
to cool condensed fuels. Firefighters usually are instructed to apply water
to the condensed phase, not to the flame. In addition to achieving extinc-
tion, this helps to prevent reignition. The application of agents to the

liquid or solid fuel can cool it sufficiently so that the vapor pressure of



the liquid and, henée, the rate of supply of combustible vapor to the flame
zone will be diminished to the point where the fire will be extinguished, The
characteristics of fire-extinguishing agents that contribute to the effective
cooling properties are high heat capacity, high rate of vaporization, and the
ability to undergo endothermic decomposition.

Water and fog nozzles might also achieve extinction by cooling the
gas-phase flames, but this mechanism is less efficient (amount of agent
required) than cooling the fuel. A principal action of a liquid is to extract
heat from the fire through its latent heat of vaporization and heat capacity.
From this standpoint, water is a uniquely suitable liquid. It is stable,
noncombustible and nontoxic with a high heat of vaporization. Auxiliary
effects of these liquids are the diluent and blanket actions. Heat extraction
from a flame system reduces flame temperatures. This sharply reduces the
reaction rates which depend exponentially on temperature. This can be an
important effect in fire extinction by powders, though it is usually of sec-
ondary importance compared with chemical effects. Heat extraction by powders
is limited by their heat capacities and emissivities. If the flame zone is
cooled, heat-producing reactions are slowed (proportional to T exp
[-E/RT]); this may be carried to the point where insufficient heat is produced
to maintain the flame reaction. Carbon dioxide, carbon tetrachloride, and
methyl bromide undoubtly exert cooling as well as blanketing effects. By
diluting the burning mixture without supplying heat itself, an extinguishing
agent raises the heat capacity of the combustion system which, in turn, lowers
the maximum temperature of the system., Inert gaseous nitrogen provides dilu-
tion and heat capacity effects, whereas liquid nitrogen can also provide cool-
ing of the condensed fuel.

In practical situations, the problem of application can be the fac-
tor limiting the efficacy of the water in heat extraction. If the water does
not reach the seat of the fire, it cannot help extinguish it. This is princi-
pally a question of the force and size dispersion of the jet. If the drops
are too large, only a small fraction will evaporate and be effective. The
remainder will run off. On the other hand, if the drops are too small, they
will have poor carrying power, will not penetrate the fire region, and will
also be wasted. The ordinary firefighting operation requires at least 10
times the minimal amount of agent, assuming perfect application. Thus, there
is much room for improvement in sprays, nozzles, and other applicators,

6



Small fires can be blown out rather easily by an airstream of moder-
ately high velocity. Here the gas-phase flame is fluid mechanically removed
from the fuel, Basic mechanisms of flame stabilization are relevant directly
to blowoff. All flames represent a balance between the flow of the combusti-
ble toward the flame zone and the flow of heat from the flame zone to the
relatively cold combustible. It is possible to extinguish a flame by disturb-
ing the flame zone. A disturbance of this sort can be effected by aerody-

namic, magnetic, or electrical means. The blowing out of a match or the

extinguishment of an oil fire by blasting are simple examples of aerodynamic
means., Extinguishment with magnetic or electrical fields is more of a labora-

tory experiment than a practical measure, but it is a possible mode and
explains the characteristics of a fire.

Another physical means of flame extinguishment is applicable to
flame in which the transfer of radiant energy from the flame to the combust-
ible is important. The interposition of an agent between the flame and (e.qg.,
the unburned liquid) may result in reflection or absorption of enough radiant
energy to result in flame extinguishment because of inadequate supply of the

combustible to the flame zone,

Of the types of physical means indicated above, the blanketing or
isolating effects and the radiation-blockage effect apply only to diffusion
flames, not to premixed flames or monopropellant flames, where only one type
of molecule is involved and enough heat is evolved in its decomposition to
sustain flame., The cooling and mechanical effects have application to all
types of flames.

Chemical Extinguishment

In addition to separating the fuel and oxidizer and cooling the
condensed fuel and gas phase (i.e., slowing reaction by lowering the diffusion
rate and the temperature of the reactants), it is also possible to inhibit
reactions that occur in or before the flame front to extinguish the flame.
Since the driving force of flames is a chemical reaction, it is apparent that
interfering with critical reaction steps should suppress a fire. It is well-

established that most preflame and flame reactions involve radicals and are
chain reactions, Hydrocarbon burning involves the stripping of hydrogen atoms



and the addition of oxygen atoms, and this burning is driven by reactive rad-
icals., These radicals do not have a very high concentration but do affect a
low activation energy reaction. An effective chemical extinguishant should
serve to break the chain reaction.

The inhibition of chain reactions by small amounts of materials is
well-known in chemistry, so the plausibility of chemical extinguishment by the
breaking of chain reactions in the flame zone has good support. Because chem-
ical extinguishment depends on the chemical reactivity of molecules in partic-
ultar reactions, and because such reactivity can vary by orders of magnitude,
the investigation of chemical extinguishment offers the most promise for the
development of effective agents.

Halogen-containing compounds such as Halons 1301, 1211, and 2402 are
the primary homogeneous chemical inhibitors for hydrocarbon fires. In gen-
eral, chemical extinguishment has been achieved using volatile halides from
the middle of the periodic table (e.g., carbon and phosphorus) and salts of
the alkalic metals. The action of the former is in the gas phase, and the
most popular explanation is that they exchange the reactive flame radicals (H,
0, and OH) for relatively inert halogen atom radicals. The efficacy of a
given family of these agents is inversely proportional to the reactivity of
the atom (i.e., Br and I are most effective; F, the least). The low concen-
tration required for fire suppression by the halons is a result of their
chain-breaking action. The chemical reaction chain is broken by the halogen
atom interacting with the driving radicals to slow heat production. Three
mechanisms can be visualized: (1) the inhibitor reacts with a radical in the
chain-branching step, reducing the burning rate; (2) the inhibitor may compete
for a crucial radical in a nonbranching chain step; or (3) the inhibitor may
increase the three-body recombination of radicals and by this means lower
their concentration in the reaction zone. The first would be the most effec-
tive, but all of the mechanisms may be important under some conditions. Other
views correlate extinguishing power with the electron attachment coefficient
or the dipole moment, but the mechanisms associated with these correlations
have not been as completely developed. The efficiency of the halons also
stems from the recycling of the halogen atoms for reuse in their action with
the usual flame radicals. Additionally, cooling is achieved via the latent

heat of vaporization of liquid halons.



The applicability of the halons depends on the reactivity of the
halogen atoms with the particular radicals, the reactions that are involved,
and the temperature of the reaction. For example, when oxides of nitrogen are
used as oxidizers, conventional inhibitors are ineffective. The flame of
boron hydrides with oxygen is also atypical. Another point is the differences
between flame inhibitors and detonation inhibitors. Halogenated compounds
appear to promote detonation; iron pentacarbonyl inhibits both flames and
detonations. This may be because halogenated inhibitors delay the flame reac-
tion, forcing the initial reaction into a higher temperature range and
increasing the local initial rate even though the overall rate (burning veloc-

ity) is decreased.

The principal heterogeneous chemical inhibitors are alkali metal
salts, such as the dry chemical powders of sodium and potassium carbonates,
sulfates and chlorides, and also ammonium phosphate. Whether the effective
inhibiting reactions indeed are heterogeneous (occurring either on the sur-
faces of the original powder particles or on the surfaces of condensed par-
ticles such as oxides produced when the powder burns) or are, in reality,
homogeneous (through chain-breaking by alkali metal hydroxides) has not yet
been established. The chemical inhibitors often are used in conjunction with
other extinguishants since often they either do not extinguish the
flame completely nor do they allow it to reignite.

Powders appear to be heterogeneous in action. The most popular
mechanism attributes extinction to the destruction of radicals by recombina-
tion on the particle surface. It has also been suggested that the action may
be homogeneous due to volatilization of the particle, its dissociation, and
possible radical recombination reactions of the flame radicals with the alkali
metal., A third view, correlating ionization potential with efficacy, has not
been systematically developed as a mechanism. Research has not been carried
far enough to reveal the details of what happens when a powder is introduced
into a flame. The dependence of effectiveness on surface area could be
explained by assuming any of the following: (1) gaseous diffusion of flame
species to the particles, followed by surface reactions which destroy chain
carriers; (2) partial evaporation of the powder to form gaseous species which
inhibit the combustion, the rate of evaporation being proportional to surface
area; and (3) in cases where the flame is burning over a liquid, radiation
from the flame to the fuel source is blocked to a degree dependent upon state



of subdivision of the powder. The anion of alkali metal salts also has an

effect. Easily decomposed salts such as carbonates and tartrates are espe-
cially effective. The most signiticant parameter for powder application is

the surface area of the applied particles. The quantitative correlation
between effective particle surface area and extinction capabilities suggests
that a surface reaction is involved. One possibility is the three-body recom-
bination of radicals on the surface. Two unexplained factors mar the simple
picture. It has been pointed out that salts are only effective if they can be
expected to volatilize or decompose during their residence in the flame. The
effective reaction may be three-body recombinations of radicals involving the
alkali metal formed by dissociation of the salt. The second disturbing factor
is that a calculation of the upper limit for efficiency of such powders,
assuming that every molecule which reached the particle surface recombines,
indicates that both laboratory and field practice are more efficient than this
theoretical upper limit. The calculation compared theoretical with minimum
particle densities effective in quenching flames. The residence times avail-
able in the unperturbed flame front and estimated radical diffusion coeffi-
cients were used. This indicates that some vital factor has been omitted.
Several possibilities exist. The particle may break up in the flame front due
to boiling or decomposition so that the available surface area and particle
count are greater than that measured for the particles applied. The residence
time may be increased by the thermomechanical effect which can become compar-
able with flame velocities for small particles. The residence time for
extinction may be longer than that estimated from the unperturbed flame, since
as a flame is inhibited the burning velocity drops, increasing the residence |
time for the inhibition. Obviously a more sophisticated model must be used.
Inhibition may occur in the gas phase, and the observed dependence on particle
surface area may come about because the volatilization will depend directly on

the surface area, More basic work is needed in this area.

There are a number of super-effective chemical suppressants, such as
iron pentacarbonyl and lead tetraethyl, all of which almost certainly involve
kinetic inhibition, since small amounts of these materials produce large
effects., The chemical mechanisms by which they operate are not well under-
stood and, in practice, they are often difficult to use because of toxicity
préb]ems. Often they do not produce complete extinction but lower the level
of combustion so much that extinguishment by other agents is easy to achieve.
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_ Most of the extinguishants and techniques have been developed for
combustion of carbon and hydrogen compounds by oxygen. With a different flame
chemistry, one would expect other extinguishants and techniques to be
required, This is the case for reactive metal fires (which will be recoynized
when the results from using conventional extinguishants on fires of magnesSium
metal are presented later in this report), The firefighting technique often
used for fires of reactive metals, such as magnesium and the alkali metals,
has been to cover the burning metal with an inert blanket of fused salt,
graphite, and so forth. Control,rather than extinction,is often the goal of
such firefighting, These metals are used in large quantities in the Air Force
and Navy; therefore, a need exists to develop a firefighting agent that can
effectively extinguish a generally configured, three-dimensional metal fire.

Extinguishment of Burning Solids

References to magnesium fires and their inhibition are reviewed as
extracted from ASTIA Document AD110685 (Reference 1). Delavault reports that
silicon tetrafiuoride, sulphur dioxide, and boron trifluoride inhibit magne-
sium combustion, while water accelerates it. Scartazzini used the optical
pyrometer to measure flame temperatures of magnesium powder plus oxygen.
Coftin developed a technique for determining burning times of magnesium rib-
bons in various atmospheres. He found that water accelerates the burning
rate. He has not studied inhibitors with this technique. Tuve (Reference 2)
stated that TMB, a viscous liquid (see Section III, Agents), is effective in
extinguishing magnesium fires., McCutchan studied commercially available mate-
rials that might be effective in extinguishing a magnesium fire of the size
and type to be expected in an aircraft crash. The effort was largely concen-
trated on liquids and nonaqueous foams. Materials were screened to determine
their effectiveness on fires consisting of 5 pounds of magnesium scrap, the
more effective agents being tested later on larger fires., Mixed fires of
gasoline and aircraft-type scrap magnesium in quantities up to 400 pounds were
successfully extinguished. Tricresyl phosphate or a solution of 9 to 7 per-
cent orthoboric acid in triethylene glycol was effective. The resulting sec-

ondary fire can be controlled with either foam or water fog.

Greenstein and Richman (Reference 3) developed quantitative fire tests
for evaluating extinguishing agents for magnesium fires, efficiency being
measured in terms of the time of extinguishment, the quantity of agent
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required, and the quantity of unconsumed magnesium which remained at the con-
clusion of the test. By definition, a fire was said to be extinguished when
the magnesium had been cooled to a temperature below its ignition point.
Agents were studied both for cooling efficiency and for protection against
reignition. The most successful agents consisted of solutions in bromochloro-
methane of liquids with high heat-absorbing capacity, such as 50 percent di-
isodecyl phthalate in bromochloromethane. The phthalate acts as the cooling
agent, while bromochloromethane provides resistance to reignition by forming a
protective film upon reaction with magnesium. The cooling efficiency of an
agent of this type could be predicted quantitatively from the'heat capacity
and heat of vaporization of its components. Other means of enhancing reigni-
tion protection were also studied. The secondary fire was of limited inten-
sity because of the presence of bromochloromethane and was extinguished on
application of excess agent. In the absence of excess agent, the secondary
fire was easily extinguished with bromochloromethane or with mechanical foam.

Approaches which are utilized in inhibiting oxidation have also been
applied to actual fire extinguishing. The extinguishing action of boron com-
pounds has been demonstrated with boron trichloride and boron trifluoride.
These vapors, introduced into heat-treating and annealing furnaces, success-
fully extinguish magnesium fires. Although the action of the former depends,
at least in part, on the formation of a protective film of magnesium chloride,

the boron also plays a part.

The effect of a protective flux cover is simulated by a commercially
available powder, which forms a fused salt film on the magnesium, A mixture
of potassium acid sulphate, trisodium phosphate, bauxite, and pumice is also
said to fuse around a magnesium mass at high temperatures, thereby, preventing

contact with air.

Brown, Hartman, and Nagy (Reference 1) investigated solid materials which
formed protective coatings. They found that hard pitch derived from coal tar
was a more effective extinguishing agent than other substances, including
salts and graphite. On contact with the hot metal, the pitch melts and forms

a coating which excludes air.
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Solid agents which stop combustion by mechanical protection from air
accomplish little in cooling the magnesium to a temperature below its ignition
point, The fusing agents absorb some heat in this process but, mostly, the
protected mass is cooled by contact with the atmosphere., In the absence of
rapid cooling, the coated mass can easily reignite if the protective layer is

broken.

Graphite is probably an exception among the powdered extinguishing
agents. Thrune (Reference 1) recommended the use of tri(p-tert-butylphenyl)
phosphate or other aromatic triesters of phosphoric acid in an excess of
finely divided graphite. The phosphate absorbs heat in vaporizing and simul-
taneously forms a vapor blanket which excludes air. The bulk of the cooling
is accomplished by the high thermal conductivity of the graphite.

In a second approach to the firefighting problem, the major consideration
is cooling, which is most effectively brought about by the use of liquids.
Those which have been proposed have generally had high flash points, but nev-
eg}he]ess burned on contact with the magnesium fire. A patent by Farris et

~al. (Reference 1) offers mixtures of vegetable oils as extinguishing agents,

the o0il being applied as a foam containing an inert gas, such as nitrogen or
carbon dioxide, to control the secondary fire. Friedrich (Reference 1) sug-
gested a foam consisting of paraffin oil and carbon dioxide.

Another patented liquid extinguishing agent consists of mineral oil and a
chlorinated hydrocarbon; the latter component is said to extinguish the sec-
ondary fire. Factory Mutual Research Corporation investigated mixtures of
high flash point motor 0il or tricresyl phosphate with methyl bromide, with
only moderate success.

Models of Burning Magnesium

The physics of diffusion flame models and the homogeneous chemical reac-
tion mechanisms for the burning of magnesium are reviewed below as extracted
from a thesis by R. F. Whitacre (Reference 4). First some fundamental
hypotheses, which are based on basic applications of the thermodynamic behav-
ior of metals and their oxides, are presented.
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Thermodynamic Fundamentals of Burning Metal

The upper limit of the flame temperature is a value equal to the
boiling point of the metal oxide. This hypothesis is based upon the facts
that (1) for most metals, the heat of vaporization or dissociation of their
oxides is greater than the exothermic heat of formation of the oxide; and
(2) many of the oxides tend to dissociate upon vaporization, hence offering a
further energy barrier at the boiling point of the oxide. A consequence of
the upper limit on the flame temperature is an equilibrium of the condensed

oxide with its vapor-phase decomposition products.

If the boiling point of the metal oxide is greater than the boiling
point of the metal, then steady-state combustion takes place in the vapor
phase. For the opposite case in which the boiling point of the metal exceeds
the boiling point of the metal oxide, a surface combustion process is
expected. This hypothesis can be justified by examining the criterion for the
idealized hydrocarbon droplet burning model. If vapor-phaSe burning is to
octur, then the maximum temperature (flame temperature) must be at some finite
distance from the surface of the droplet so that the energy for vaporization
of the fuel is transferred from the reaction zone to the surface of the fuel.
Since the temperature will be limited to the boiling point of the metal, the
criterion for vapor-phase burning is that the flame temperature is greater
than the boiling point temperature of the metal. For the condition of vapor-
phase burning, from the first hypothesis in the preceding paragraph, the flame
temperature is limited to the boiling point of the metal. Thus, the boiling
point temperature of the metal oxide is greater than the boiling point temper-
ature for vapor-phase combustion. This hypothesis is necessary but not a
sufficient condition for vapor-phase combustion because the heat losses could

lower the flame temperature below the boiling point of the oxide.

In metal combustion, radiation to the fuel surface and to the sur-
roundings is an important hypothesis because of the high temperatures present
in a metal flame and the presence of condensed-phase oxide particles.

The ignition phenomena to begin a metal fire could he entirely dif-
ferent from the controlling steady-state combustion phenomena. This hypnthe-
sis allows for preignition reactions, which are generally surface reactions,
while steady-state combustion could occur by a vapor-phase mechanism. There
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is no reason to expect that the same mechanism should occur for both cases.
The fact that condensed phase particles exist in metal combustion furthers the
importance of heterogeneous reaction processes. Unless the metal and oxidizer
are premixed, the ignition of the metal is always preceded by reactions on the
surface or within a protective oxide layer. Upon ignition, the reaction will
continue to occur within the molten oxide layer. The combustion process may
also occur in the vapor phase. The vapor-phase reaction mode will exhibit a
high burning rate, a luminous region between the metal and the outer region,
and the presence of oxide smoke particles with a submicron characteristic
size. Thus, it would appear that for metals which burn in the vapor phase,
the transport processes will dictate the reaction rates. Upon ignition, fuel

particles burn in a self-sustaining, vapor-phase reaction.

Diffusion Flame Models. Various models have been proposed to repre-

sent the flame structure of metal-oxygen diffusion flames. Most of these
models are similar to the ideal hydrocarbon droplet flame model. The critical
determination of the correctness of a model is not possible because many of
the theromodynamic and transport parameters needed for analytical calculations
of the burning rate are not known or are uncertain. These uncertainties in
properties of polyatomic mixtures make the evaluation of the flame structure
models impossible for aluminum because all the idealized and simplified models
are in agreement with existing experimental data.

Finite Reaction Zone Model by Coffin. The earliest model of a

diffusion flame is due to Coffin (Reference 1). Coffin investigated the burn-

. ing of magnesium ribbons in various oxygen-diluent mixtures. It was noted

that the vapor-phase reaction of magnesium is analogous to the combustion of a
1iquid fuel droplet. But instead of a collapsed flame front as exists in the
combustion model of a Tiquid fuel droplet, Coffin defined a reaction zone of a
finite thickness. The model contains three concentric zones. The inner zone
contains only the pure metal in the vapor phase and the inert diluent. Metal
from the fuel surface is vaporized by heat conducted back to the metal surface
from the reaction zone, This evaporated metal diffuses to the reaction zone,
assumed to be at the boiling point of the oxide. This is a statement of the
first hypothesis. This temperature is in agreement with previous investiga-
Lions. Most of the oxide was helieved to be at the hoiling point and hence

tended to dissociate, thereby offering another energy barrier for further

15



increase in the flame temperature. The reaction zone consists of a mixture of
metal vapor, oxygen, and condensed oxide at the boiling point of the metal
oxide. Chemical equilibrium was assumed throughout the reaction zone.

The outermost zone consists of oxygen diffusing toward the
reaction zone and condensed metal oxide traveling outward, The oxide cools
and exchanges energy with the inward diffusing oxygen so that the temperature
of the oxygen is at, or near, the flame temperature when it enters the reac-
tion zone, The model is intrinsically assumed to be a steady-state represen-
tation, and free convection was ignored.

Liquid Oxide Bubble Model by Fassell. Fassell et al. (Refer-
ence 1) presented evidence that while the gas-phase spherical diffusion flame

theory adequately accounted for the burning of magnesium, for metals with
higher boiling points, the model suggested by Coffin did not lead to a satis-
factory explanation. In their experiments, Fassell et al. burned aluminum and
various aluminum-magnesium alloy particles in two different types of torches
(methane-oxygen mixtures, or a combination of methane, oxygen, and air).

When Fassell et al. found numerous hollow oxide spheres in the
combustion products, they molded the observed processes as a continuous layer
of molten oxide covering the metal droplet. The metal evaporating from the
droplet, which is assumed to be at its boiling point, causes the oxide layer
to form a bubble. Hence, the oxide layer limits further combustion. The
diffusion of the metal outward through the molten oxide layer and the diffu-
sion of the oxygen inward are the limiting steps. The reaction is considered
to take place at the liquid oxide inner surface, The authors also considered
the possibility of the bubble exceeding a critical diameter and fragmenting,
thereby resulting in a scatter of both oxide and pure metal fragments,

Collapsed Reaction Zone Model by Brzustowski and Glassman. The

model due to Coffin subsequently came under criticism by Brzustowski and
Gtassman (Reference 1). They felt that radiation from the flame front to the
surface and surroundings should be considered, that the diffusion of oxygen
from the surroundings should be affected by the presence of the condensed

oxide combustion product, and that the thick reaction zone used by Coffin
predicted a flame structure “"notably different" from observed flames.

16



The analysis by Brzustowski and Glassman was based on the the-
ory developed to describe the combustion of hydrocarbon droplets, but was
modified to account for specific characteristics peculiar to metal combustion.
These features are as follows:

a. The flame temperature will be fixed at the boiling

point of the oxide. Some oxide will always form in the condensed state.

b. The presence of the condensed oxide products will
affect the diffusion of oxygen to the reaction zone. Movement of these solid
or liquid products must occur due to bulk motion of gaseous species since they
cannot diffuse,

c. Thermal radiation will probably be an important con-
sideration because of the existence of these condensed species in the high
temperature regions of the flame. It can possibly result in higher evapora-
tion rates for the fuel due to an increased heat feedback, but it can also
lead to significant losses to the surroundings.

d. In the case of metal combustion, evaporation rates of
the fuel may not be fast compared to diffusional processes.

With these considerations, the collapsed flame zone model was
proposed. The metal fuel at the surface is evaporated by the conduction and
radiation modes of heat transfer from the thin flame front. This metal, which
may be several hundred degrees below the metal oxide boiling point, diffuses
toward the flame through a stagnant film. The oxidizer diffuses inward toward
the flame front, The oxidizer diffusion is inhibited by the outward movement
of the combustion products which were formed at the flame front. The ideali-
zations in this model are a steady-state system in time and no back-diffusion
of combustion products.

Brzustowski found Coffin's distributed reaction zone model
unacceptable primarily because it assumed no gaseous oxide was present due to
complete dissociation, whereas spectroscopic observations showed significant
oxide vapor radiation. Also, Brzustowski felt his flame photographs defined a
different model. Over a large pressure range (50 torr to 12 atm), Brzustowski
thought that the bright flame zone thickness was small, compared to the dis-
tance between the metal surface and the flame front.
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Extensions of the Brzustowski-Glassman Model by Christensen.

Christensen, Knipe, and Gordon (Reference 1) undertook a survey on aluminum
particle combustion and discussed the available models, as well as the

Brzustowski-Glassman models. The group criticized the Fassell model, since it
purported that the limiting step is the diffusion through the oxide layer, and
that the magnitude of this diffusion rate is uncertain. The model does con-
sider the normal metal oxide coating which exists on the metal particles prior
to ignition, but the bubble proposed by Fassell may be unstable.

The Brzustowski-Glassman model is criticized since it does not
consider the presence of a metal oxide layer prior to ignition. Christensen
et al. concluded that the Brzustowski-Glassman model does describe the gross
features of aluminum particle combustion, but that some important features
are not included in the model. On the basis of this conclusion,

Christensen et al. sought to extend the Brzustowski-Glassman model to
incorporate the most significant features not included in the model.

In the Brzustowski-Glassman model, back-diffusion of the
combustion products was assumed not to take place. However, experimental
observations at the Naval Ordnance Test Station (NOTS) showed that significant
amounts of oxide did build up on the metal surface during combustion,
indicating that more than just the metal and the inert diluent are present in
the inner zone. On the basis of back-diffusion, oxygen-containing species
(both evaporation products and partially reacted species) make up a saturated
vapor relative to condensation. A second nucleation zone is proposed on the
oxidizer side of the reaction zone.

Heterogeneous Reaction Model by Markstein. While Markstein (Refer-

ence 1) did not actually specify a model, his work with vapor-phase burning
has contributed significantly to the problem of whether or not homogeneous
reaction or heterogeneous reaction dominates metal combustion, particularly
with magnesium. He presented most of the processes which could play an
important part in the vapor-phase combustion. Markstein states that heteroge-
neous reaction on the metal surface js not significant once the vapor-phase
diffusion flame is fully developed. Back-diffusion of oxide vapor is expected

to be significant as evidenced in the experimental work by Macek (Reference 1).
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In an earlier work, Markstein pointed out the strong role of heterogeneous

reaction in low pressure dilute magnesium-oxygen flames.

A typical model employing the proposals of Markstein would involve nucle-
ation regions which are not well-defined as they are in the Knipe model.
Markstein stated that initially some homogeneous reaction may occur to furnish
sites for the ensuing heterogeneous reaction, but that once the flame is fully

.developed, the heterogeneous mechanism would become dominant. Due to the

dominance of the heterogeneous reaction, vapor-phase oxide is not present in

significant quantities, and hence back-diffusion is neglected.

The Inner Reaction Zone Model by Sullivan. Sullivan undertook

an experimental investigation to determine the flame structure of metal vapor-
phase diffusion flames of the alkaline-earth metals Mg, Ca, and Sr.

This investigation has shown that reaction does occur in the
inner zone of the luminous envelope surrounding the metal sample. The homo-
geneous reaction initially leads to a supersaturation of oxide vapor which, in
turn, leads to rapid nucleation. Thus, the inner zone is expected to be a
high-temperature region of the flame due to the liberation of the heat of
condensation, Sullivan demonstrated that the major contribution to the
observed radiation is caused by a thermal excitation mechanism, although some
contribution from chemiluminescent radiation may occur in the inner reaction

Zone,

The flame zone is not a collapsed flame zone as in the model of
Brzustowski and Glassman. The maximum flame temperature is not expected to be
located at the outer edge of the luminous envelope. The reaction zone appears

to extend to regions very close to the wire surface.

Sullivan defines a filame structure model in which a predomi-
nantly homogeneous reaction zone is located well within the luminous envelope.
The condensation of the oxide vapor accounts for the excitation of the species
observed to radiate. The outer limits edge is thought to occur due to the
pileup of oxide particles., The pileup occurs due to a decrease in bulk veloc-
ity of products and thermophoresis effects as the particles move away from the
reaction zone,
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Homogeneous Kinetics of Magnesium Oxidation

A summary of the thermophysical models, which was presented in the pre-
ceding section, is presented below so that the succeeding review of the homo-
geneous reaction kinetics for the oxidation of magnesium is viewed in the
state-of-the-art perspective (Reference 1).

It is first noted that the only combustion product from burning magnesium
in air is magnesium oxide which is solid up to 2800°C. Magnesium itself melts
at 651°C and boils at 1110°C. Hence, similarities of magnesium combustion
with carbon combustion should not be expected. Additionally, magnesium can
react in a pure nitrogen environment.

Physical and chemical methods of fire suppression are considered for the
origination/development of an extinguishant for magnesium fires in air.
Therefore, knowledge of the reaction mechanism(s) will assist in the formula-
tion and performance evaluation of such an extinguishant.

Summary of the Thermophysical Models

The original research accomplished by Coffin typifies the fundamen-
tals of the thermophysical models, Coffin studied the rate at which magnesium
ribbons burn in various atmospheres of oxygen plus inert gas. He believes
that the magnesium boils and undergoes vapor-phase combustion. He assumes the
reaction-zone temperature to be governed by the boiling point of magnesium
oxide (about 3000°C) and the magnesium oxide is considered to dissociate upon
vaporization, The result is a chemical equilibrium between condensed oxides,
magnesium vapor, and oxygen, in a stagnant film of inert gas. For this model,
the burning rate may be calculated from the observed flame diameter, the dif-
fusion coefficient of the oxygen, and the thermal conductivity of the gas
between the flame and the surface. Such calculations obtained burning rates
in reasonable agreement with experiment. This constitutes a strong argument
that chemical rate constants play no role in determining the burning rate of
magnesium. However, Coffin did some experiments which showed that the addi-
tion of a small amount of water vapor to oxygen-argon mixtures substantially
increased the burning time from 4.2 to 5.7 seconds. Because this type of
behavior suggests that the rate of the process cannot be governed entirely by
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physical effects., Further studies are needed. To summarize‘the situation
with regard to magnesium fires, it seems possible to explain the rate of
burning of magnesium and the action of the known extinguishing agents purely
on a physical basis (with the exception of Cotfin's lone observation of the
accelerating effect of moisture), but there is no real proof that chemical
inhibition may not be possible,

Summary of Reaction Mechanisms

Primarily, four mechanisms found in the literature were considered

for the oxidation of magnesium:

(1) Heterogeneous mechanism.
(2) Dimer mechanism,
(3) Third-body mechanism,

(4) Peroxide mechanism.

These four mechanisms were originally postulated to explain the observations
of calcium flames.

Heterogeneous Mechanism. The elementary steps for the hetero-

geneous mechanism are

AHreaction, 298cha]
(1) 2Mg(s) =+ 2Mg 70.6
(2) Mg + 0, » Mgo + 0 25.3
(3) Mg0 + MgO(s) -144.7
(4) Mg + 0 ~» MgO(s) -238.6

and the overall reaction is
2Mg(s) + 0, » 2Mg0(s) -238.6
Since the vapor-phase formation of Peaction (2) is endothermic,

it will not excite Mg0 to the energy levels responsible for the emission in
the flame, the lowest of which requires 57 kcal/mole. Therefore, the total
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observed radijation of the flame should be representative of the thermal exci-
tation and equilibrium at the boiling point of the oxide, which‘was previously
shown to be the maximum flame temperature. Chemiluminescence wil] not provide
an appreciable part of the observed radiation. The two primary criticisms of
this mechanism are that chemiluminescence is not predicted, and the homoge-
neous condensation rate of the oxide within the flame may not be consistent

with the reaction rates.

Dimer Mechanism. Since the phenomenon of chemiluminescence has

been observed in the radiation of metal flames, it is apparent that the mech-

anism must include a vapor-phase, exothermic reaction of sufficient energy to
cause chemiexcitation of Mg or Mg0 to the energy levels observed. The dimer
mechanism satisfies this condition. The elementary steps for the dimer

mechanism are

AHreaction, 298cha}
(5) 2Mg(s) = Mg, 60.0
(6) Mg, + M 3 2Mg + M 0.0
(2) Mg + 0, » Mg0 + 0 25.3
(7) Mg, + 0 » Mg0 + Mg -83.3
(8) 2Mgo + 2Mg0(s) -289.4

and the overall reaction is
2Mg(s) + 0, ~» 2Mg0(s) -287.4

For the dimer mechanism, reaction (7) is sufficiently exothermic to result in
the observed chemical excitation of Mg0 and Mg. The magnesium dimer, which is
known to exist, does not have a very large equilibrium concentration. A plot
of the theoretical and experimental dimer mole fraction versus temperature
shows just how small the mole fractions are.

A comparison of the data for such a plot is presented in
Table 1.
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TABLE 1. MAGNESIUM DIMER MOLE FRACTION VERSUS TEMPERATURE.
k x 103 X x 103
p Mg,
T(k) | Calculation | Experimental Calculation | Experimental
600 9.81 6.502 9.622 6.419
800 3.94 3.990 3.909 3.958
1000 2.07 2.644 2.062 2.630

The theoretical work also shows reasonable comparisons between the calculated
w heat of sublimation or vaporization of Mg, of 59.2 * 4.4 kcal/mole, and the
experimental value of 63.4 * 0.7 kcal/mole; and between the calculated bond
energy at 1100 K of -6.2 kcal for the Mg, molecule, and the spectroscopic
dissociation energy of 6.92 kcal/mole. The good comparison between these
Va]ues justifies the validity of the Stogryn and Hirschfelder equations for

estimating the bond energies.

Third-Body Mechanism. A second chemiluminescent mechanism is

referred to as the third-body reaction [Reaction (9) below]:

AHreaction, 298cha]
(1) 2Mg(s) + 2Mg 70.6
(2) Mg + 0, > Mg0 + 0 25.3
(9) Mg + 0 + M » Mg0 + M -93.9
(8) 2Mg0 + MgO(s) -289.4
and the overall reaction is
2Mg(s) + 0, » 2Mg0(s) -287.4

For this mechanism, note that reaction (9) is sufficiently
exothermic to result in observed chemical excitation of Mg and MgO.

A third mechanism has been proposed by Gordon et al. (1968),
which postulates the presence of a peroxide of Mg, namely Mg0,:
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AHreacﬁon, 290cha1
(1) 2Mg(s) > 2Mg 70.6
(11) Mg + 0, > Mg0, ?
(12) Mg0, + Mg » 2Mg0 ?
(4) 2Mg0 > 2Mg0(s) -289.4

and the overall reaction is
2Mg(s) + 0, » 2Mg0(s) ~-287.4

'The peroxide formed by Reaction (11) is not a stable species,
but a reaction intermediate, i.e., longer lived than a normal complex, For
this mechanism, it is also assumed that Reaction (12) is sufficiently exo-
thermic to cause chemiluminescence.

Summarizing the mechanisms, it is felt that the third-body

mechanism is the most likely mechanism. An investigation of the magnitudes of
the equilibrium constants in Table 1 shows that the reaction

Mg, + 0 » Mg0 + M
should not be competitive with the reaction
Mg+0+M-+>Mgo+M

unless the pressure is very low. At a low pressure, the ratio of two-body to
three-body collisions overshadows the differences in concentrations. Accord-
ing to the literature, this will occur at pressures less than 10-3
atmospheres,

Because the homogeneous chain propagating reaction
Mg + 0, » Mg0 + 0

is endothermic (+25.3 kcal/mole), it is felt that a termolecular reaction with
a low activation energy may be competitive with a bimolecular reaction like
the one above. \

The peroxide mechanism is based on the postulated existence of .
an intermediate which has not been observed; hence, the mechanism which seems

the most likely is the third-body mechanism.
24



Note that in all the mechanisms presented above, the hetero-
geneous reaction may be present in the overall mechanism. According to the
literature, the process of nucleation is the slowest phase of the heteroge-
neous reaction involving three phases (nucieation, growth, and agglomeration);
hence, the heterogeneous reaction may be the rate-controlling step in the
mechanism. The heterogeneous reaction appears to be a function of tempera-
ture. As the temperature increases, the importance of heterogeneous reactions
seems to decrease. This is an extension of the results of a study which exam-
ined heterogeneous reactions at temperatures well below the flame temperatures
characteristic of Mg combustion,

Looking at'a basic model for the metal diffusion flame, it has
been shown that the inner zone is a region of reaction. There is almost cer-
tainly a deviation from equilibrium conditions. It is expected that some of
the nonequilibrium radiation is due to chemiluminescence.

EXISTING EXTINGUISHING AGENTS FOR METAL FIRES

A search of manufacturers, suppliers, researchers, and literature was
made to determine the currently existing firefighting agents appropriate to
burning aircraft metals. Table 2 lists the solid, liquid, and gaseous extin-
guishing agents identified in this search. Appendix A contains a bibliography

of the literature examined during this search.

A search of computer indices for material pertaining to magnesium and
aircraft metal fires and extinguishing agents published since 1960 indicated
that most of the research in recent years has been directed toward fires in
sodium, sodium-potassium alloys, lithium, uranium, and plutonium. These are
metal fire hazards primarily associated with nuclear industry and research.
Much of the literature referenced in the material published between 1960 and
the present refers to the 1940s and 1950s. G-1 powder, one of the few
approved agents, was described in a 1944 publication. The patent for one of
the most widely used current Class D agents, namely MET-L-X, was issued in
1960. As these dates indicate, not many new extinguishing agents for fires in
magnesium and other light metals have been identified in the last 20 years.
No agents were identified that satisfied the general configuration capabili-
ties desired, including both vertical and indirectly éccessib]e fires,
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TABLE 2. METAL FIRE-EXTINGUISHING AGENTS.

Solids

1. G-1 powder 16. X-8 powder

2. MET-L-X powder 17. Glass fritz

3. Na-X powder 18. Polyvinyl chloride and

sodium borate

4. Foundry flux 19. Perlite

5. Lith-X powder 20. Vermiculite

6. Pyromet powder 21, Caicium fluoride

7. T.E.C. powder 22. Litﬁium fluoride

8. Talc powder 23. Lithium chloride

9. Graphite powder 24, Lithium hydroxide
10. Sand 25, Asbestos

11. Cast iron borings 26. Feldspar

12. Sodium chloride 27. Amonium chloride

13. Soda ash 28. Borax
14, Dolomite 29, Boric oxide

15. Carbon microspheres 30. Pitch

Liquids

1. TMB liquid 9. Liquid halocarbons

2. M-X liquid 10. H3BO3 - glycol mixture
3. Water 11. Halophosphates

4. Liquid nitrogen 12. Tricresylphosphates
5. Carbon tetrachloride 13, Silicon oil

6. Parafin - CO, foam 14, Jpr-4

/. Inorganic esters of H4P0,, SO,, 15, Heavy mineral oil

and H3BOj
8. Casein, talc, and MgCO, 16. Bromochloromethane and
di-isodecyl phthalate
Gases
1. Boron trifluoride . Nitrogen gas
2. Boron trichloride . Argon
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The composition and characteristics of the agents identified are pre-

sented in the following paragraphs.

G-1 Powder (Metalguard Powder)

This powder is UL-listed for magnesium and magnesium alloys and Factory
Mutual System-approved for use on fires in magnesium, aluminum, sodium, potas-
sium, and sodium-potassium alloys. It consists of screened graphitized
foundry coke to which an organic phosphate has been added. The graphite
absorbs heat and conducts heat away from the fire, reducing the metal tempera-
ture below the ignition point. The graphite particles form a closely packed
blanket, partially smothering the fire, while the organic material breaks down
with heat, producing a smoky gas that fills the voids between graphite parti-
cles, further excluding air from the fire., The powder is nontoxic and noncom-
bustible. The packing characteristic of the powder prevents its discharge
from a fire extinguisher,

MET-L-X Powder

This powder is UL-listed for use on fires in magnesium, sodium, potas-
sium, and sodium-potassium alloys. It consists of a sodium chloride (86 per-
cent) base with additives including tricalcium phosphate (1 percent) to
improve flow characteristics, metal stearates (1 percent) for water repel-
lency, and a thermoplastic material (7 percent) to bind the sodium chloride
particles together when applied to the fire. MET-L-X forms an oxygen-exclus-
ing barrier as the sodium chloride melts and flows together, The thermoplas-
tic binding allows this barrier to adhere to vertical surfaces. MET-L-X is
noncombustible, nonabrasive, and nonconductive. It is discharged from 13.61-
to 158.76-kilogram (30- to 350-pound) extinguishers and up to 907.2-kilogram
(2000-pound) piped systems propelled by CO, or nitrogen. This is one of the
few agents which claimed to be capable of fighting fires on vertical surfaces,

Na-X Powder

This powder is UL-listed for fires involving sodium metal. It is a
sodium carbonate-based agent with additives to render the agent nonhygroscopic
and easily fluidized for discharge from extinguishers. Na-X forms a crust
over the burning metal, excluding air. It does not adhere to vertical sur-
faces and is not especially effective on magnesium fires,
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Foundrz Flux

Numerous fluxes are available for use in magnesium foundry operations.
Consisting of various amounts of potassium chloride, barium chloride, magne-
sium chloride, sodium chloride, and calcium fluoride, they form either a mol-
ten or crust barrier between molten metal and air. Stored in covered stee]
drums and applied by hand scoop or shovel, a relatively small amount of flux,
carefully applied, will exclude air from a large surface of burning metal.

Pyromet Powder

Pyromet consists of sodium chloride, diammonium phosphate, protein, and a
waterproofing and flow-promoting agent. It has proven effective in handling
fires involving sodium, calcium, zirconium, titanium, magnesium, and aluminum
in powder and chip form. The fire is extinguished by burying with the powder.

T. E. C. Powder

Ternary eutectic chloride (T.E.C.) powder consists of barium chloride
(51 percent), potassium chloride (29 percent), and sodium chloride (20 per-
cent). It acts in a manner similar to foundry flux. T.E.C. powder was found
to be most effective on sodium, potassium, and sodium-potassium alloy fires
but was also reported to be effective against magnesium chip fires and small
uranium and p]utonium fires in scientific glove boxes. Barium chloride is

toxic,

Talc Powder

Talc is composed primarily of silicon dioxide and magnesium oxide. It
acts as an insulation to control rather than extinguish the metal fire. In a
magnesium fire, the silicone dioxide breaks down to provide oxygen to the
fire.

Graphite Powder

The action of graphite powder is similar to that of G-1 powder, absorbing
and conducting heat away from the fire, but without the sealing effect of the

organic smoke. Extinguishment is not as rapid as with G-1 powder.
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Sand

Dry sand has often been recommended for controlling and extinguishing
metal fires. The fire must be completely buried. Even after a fire is com-
pletely buried, the fire can obtain oxygen from the silicon dioxide in the
sand and will continue to burn, Moisture in sand can react violently with the

burning metal,

Cast Iron Borings

Cast iron borings have been used in machine shops to extinguish small

metal chip fires. The iron acts as a coolant, extinguishing the fire. Oxi-

dized or moist borings must be avoided.

Sodium Chloride

Sodium chloride acts to extinguish magnesium and alkali metal fires by
forming a sealed coating on the metal surface, excluding oxygen.

Soda Ash

Soda ash is primarily sodium carbonate. It acts similarly to sodium
chloride. It is recommended for use on sodium and potassium fires.

Dolomite

Dolomite is composed of calcium carbonate and magnesium carbonate. It
acts by smothering the fire. The fire must be completely buried. It has been
used on magnesium, sodium, zirconium, and titanium fires. It was shown to be
less effective than T.E.C. powder on magnesium fires.

Carbon Microspheres

Fluidized petroleum coke microspheroids of 100-300 um in diameter are the
recommended form. Carbon microspheres act to cool and smother the metal fire.
Tests have reportedly shown effectiveness on sodium, potassium, lithium,
sodium-potassium alloy, and magnesium fires. This agent can be applied by
pressurized extinguishers and is noncorrosive.
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X-8 Powder

X-8 is a granulated shale-like material mixed with a form of pitch and
crystalline ammonium chloride. Applied by shovel to cover the burning metal,
X-8 can be used on almost all of the combustible metals. It is nontoxic and
noncombustible.

Glass Frits

Glass frits consisting of Si0, (41 percent), Al,05 (17 percent), K,0
(3 percent), Na,0 (7 percent), B,0, (30 percent) or Zn0 (16 percent), $i0,
(41 percent), Ca0 (4 percent), Na,0 (9 percent), and B,05 (30 percent) have
been shown to be effective in controlling magnesium fires and containing
shallow molten magnesium flows. These frits with melting ranges of 750-850°C
fuse when applied to a magnesium fire, providing a glass barrier which is
self-healing between the metal and air. However, in small-scale tests,
magnesium contained under the glass surface continued to burn, probably
extracting oxygen from the oxides in the glass. Glass frits are noncorrosive,
nonhygroscopic, and can be dispensed from pressurized extinguishers.

Polyvinyl Chloride and Sodium Borate

A one-to-one mixture of these two chemicals and 1 or 2 percent flow addi-
tives produce a powder which forms an oxygen-restricting coating on the metal
surface which enables a fine water spray to be used to cool the fire to
extinction. The powder is inexpensive to produce and does not cake or clog
discharge nozzles. Small amounts of acid vapor are given off upon application
to the fire,

Perlite

Consisting primarily of silicone oxide and aluminum oxide, perlite has

been used to effectively smother magnesium fires.

Vermiculite

Consisting primarily of silicone oxide, aluminum oxide, and magnesium
oxide, vermiculite is less effective than perlite in extinguishing magnesium

fires,
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Calcium Fluoride

Calcium fluoride has been tested on fires involving sodium, potassium,
lithium, magnesium, titanium, and uranium with mixed results. It was shown to
be the most effective agent for titanium turbine blade fires with only medi-
ocre results on magnesium fires. Extinction is effected by heat absorption

and oxygen exclusion,

Other Solids

Lithium fluoride, Tithium chloride, lithium hydroxide, ammonium chloride,
boric oxide, borax, asbestos, feldspar, powdered pitch, and powdered soapstone
have been mentioned as extinguishing agents for various metals with limited
effectiveness.

TMB Liquid

TMB Jiquid agent contains an excess of methanol to render it free-flow-
ing. The agent is applied as a spray or straight stream. A heat flash is
produced on contact with the metal fire due to the breakdown of the compound
and ignition of the methanol. A molten boric oxide coating formed on the hot
metal prevents contact with air. TMB has been used on fires in magnesium,
zirconium, titanium, and small amounts of sodium. The agent will hydrolyze
readily, forming boric acid and methanol. The boric oxide smoke produced
during fire extinction is toxic.

M-X Liquid

This liquid petroleum derivative is specifically recommended for magne-
sium chip fires. The liquid cools and smothers the fire. Secondary Class B
fires may develop, but irritating fumes and smoke are not given off., M-X
liquid is nonconductive, nontoxic, nonabrasive, and noncorrosive,

Water

Although water in small quantities accelerates magnesium fires, rapid
application of large quantities of water is effective in extinguishing
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magnesium fires. Extreme caution must be exercised in fighting magnesium fire

with water. Water is not recommended in fighting any other metal fires except
zirconium and titanium by immersion. Extinguishment is generally accomplished

by cooling. Metal fires will decompose to hydrogen and oxygen, providing
oxygen to the metal fire and the potential for a hydrogen explosion.

Liquid Nitrogen

Extinguishment of metal fires using liquid nitrogen to cool and exclude
oxygen from the fires is discussed, in the literature. A closed environment
is required for the system discussed, and extinguishment is very slow in
occurring. In this system, liquid nitrogen is not applied to the metal; it is

vaporized in the atmosphere surrounding the fire,.

Other Liquids

Carbon tetrachloride; paraffin-CO, foam; inorganic esters of H3P0,, SiO,,
and H;B0;; casein, talc, and MgCO;; liquid halocarbons; H3BO3-glycol mixture;

NaCl and MgCO3 mixtures; halophosphates; tricresylphosphates; silicon 0il;
TP-4; and heavy mineral o0il are mentioned in one or more literature sources as
liquid extinguishing agents of limited effectiveness,

Boron Trifluoride and Boron Trichloride

Both of these gases are used in heat-treating furnaces to control magne-
sium fires, The gas excludes air from the fire and its presence must bhe main-
tained until the metal is cooled below the ignition temperature or the metal
will reignite upon contact with air. The fluoride is more effective than the
chloride; both are extremely toxic.

Nitrogen

Nitrogen gas used to exclude oxygen from metal fires is not very effec-
tive without the cooling effect of vaporizing liquid nitrogen. Even with the
cooling effect, extinguishment and temperature reduction are slow and are only
practicable in confined spaces.
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Argon

Argon has been effective under certain conditions in controlling or
extinguishing zirconium, lithium, sodium, potassium, and titanium fires. An
argon gas blanket excludes air from the metal surface.

AGENT PERFORMANCE TESTS

Performance tests were conducted on the agents listed in Table 3. Agents
were first tested on small piles of magnesium turnings under a laboratory hood
to observe reactiveness and effectiveness of the agent. Agents which proved
effective in these small-scale tests and other agents of interest were then
tested in a larger, medium-scale vertical and indirectly accessible fire,

Some agents tested in the small scale reacted so vio]ently that they were
excluded from the larger-scale tests. In addition to the agents identified as
potential metal fire-extinguishing agents, general purpose agents used by the
Air Force, including water, AFFF, dry chemical, and Halon 1211, were tested

and their reactions observed. All testing was documented on video recordings.

Small-Scale Tests

In the small-scale tests, 40 ml (approximately 16.5 grams) of coarse
magnesium turnings were placed in a pile on an asbestos board under a labora-
tory hood., The turnings were ignited using a propane torch and were allowed
to burn until better than two-thirds of the surface of the pile was involved,.
Agents were then applied in small quantities at small rates., The quantity and
rate of ageht application were then increased until the metal fire was con-
trolled, if possible. Solid agents were sprinkled from small scoops, and
liguids were applied from spray botties or poured from open vessels, The
reactions that occurred when the agents were applied, the effectiveness of the
agents at extinguishing the fire, and evidence of the agents adhering to ver-

tical surfaces or extinguishing indirectly accessible portions of the fire
were noted.

Medium-Scale Tests

Medium-scale testing was carried out in specially developed apparatus
which repeatedly produced horizontal, vertical, and indirectly accessible
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TABLE 3. EXTINGUISHING AGENTS TESTED IN PHASE I.

Scale
Agent tested
MET-L-X S, M
Graphite powder S
Sodium chloride S
Dry chemical (sodium bicarbonate) S, M
Dry chemical (potassium bicarbonate, PKP) S, M
Dry chemical (ammonium phosphate) S
Talc powder S
Sand (dry) S
G]asé (powder) S
Glass (flakes) S
Glass (spheres) S
TMB 1liquid S, M
Water S, M
AFFF (aqueous film=forming foam)
Halon 1211 S
Halon 2402 S
N, (1iquid) S, M
Silicon grease S
N, (gas) M
co, M
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metal fires. Because the melting temperature and ignition temperature for
magnesium are so close and because magneSium is such a good conductor of heat,
it is difficult to initiate and sustain a magnesium fire in the vertical
orientation. The entire test sample tends to soften and flow about the same
time the sample ignites, resulting in a horizontal magnesium fire wherever the
magnesium stops flowing. The apparatus shown in Figure 1 was developed by
NMERI to produce metal fires in the vertical and indirectly accessible config-
urations. The apparatus consists of a shallow crucible suspended approxi-
mately 1.524 meters (5 feet) above ground level, a screen running from the
crucible spout to a ground anchor point at an angle near vertical, a heat
shield with an opening for observation and agent application which limits the
agent accessibility to the fire, and propane torches for heating and igniting
the metal sample. As the metal sample in the crucible was heated, the outer
surface of the sample would ignite and melt. When the molten metal filled the
crucible, it would flow onto and down the screen. Some of the metal adhered
to the screen, and the rest accumulated behind the screen at ground level.

The fully established fire produced by this apparatus consisted of a partially
melted burning ingot in a burning molten pool of metal feeding a flowing,
burning vertical sheet of molten metal approximately 1.22 meters (4 feet) long
by 101.6 millimeters (4 inches) wide feeding a burning molten pool of metal at
ground level behind the screen. Two types of vertical configuration fires are
present in this fire. The short vertical surfaces of the burning ingot are
relatively stationary, while the vertical fire on the screen is continually
flowing down the screen. Three indirectly accessible fires are produced by
the apparafus. Agent application is Timited to a horizontal angle of

30 degrees in front of the screen at heights between ground level and

1.52 meters (5 feet). The fire on the back side of the burning ingot and the
the boo] behind the ingot are shielded from direct agent application by the
ingot itself. The fire on the back side of the vertical screen is shielded by
the sheet of burhing metal and the screen, The horizontal fire behind the

base of the screen is shielded by the screen and the metal on the screen.

During medium-scale tests, sections of magnesium ingots weighing approxi-
mately 0.91 kilograms (2 pounds) were ignited in the test crucible. Agents
were applied from standard portable extinguishers when possible. The results

of small- and medium-scale testing are presented in the following paragraphs.
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Test Results

In small-scale tests on small piles of turnings, MET-L-X was very
effective. The fires were covered with a thin layer of agent which completely
sealed the surface, extinguishing the fire. No enhancement of the fire

occurred as the agent was applied. One characteristic was that the agent
would not fuse and seal the fire if the fire was shielded from the agent; this

occurred when a burning magnesium chip was Tocated under nonburning chips.
The MET-L-X would cover the top of the nonburning chips but would not seal
until the adjacent chips began to burn. There was some indication that
MET-L-X would adhere to vertical surfaces during small-scale tests.

In medium-scale vertical surface tests, MET-L-X was very effective,

The agent adhered to the burning metal on the vertical screen and suppressed

the fire immediately. The burning magnesium block and molten pool were also
quickly suppressed. The inability of the agent to access indirectly acces-
sible fires was also noted in this test. MET-L-X was applied to the metal
fire in the test apparatus from a standard ANSUL 13.61-kilogram (30-pound)
portable extinguisher. Approximately 2.27 kilograms (5 pounds) of agent were
used during the test. The fire on the vertical screen was completely extin-
guished with a Tight covering of agent, leaving the extinguished metal on the
screen. The burning block and molten pool appeared to be extinguished quickly
with a slightly heavier application of agent. However, a short time after
agent application ceased, reignition occurred on the back side of the block .
where the agent had not been directly applied. The reignition zone expanded,
burning back the layer of MET-L-X until the layer reached a certain thickness.
The back side of the blTock was extinguished with repeated application of MET-
L-X, but approximately half of the agent used was required to suppress this
small area of fire, approximately 5 percent of the total fire area, which was

indirectly accessible.

Graphite Powder

Graphite powder was tested only in small-scale fires. Graphite

powder controlled the magnesium turning fires, but would not extinguish them
in a period of 5 minutes. The burning magnesium would be completely covered
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by graphite with no outward appearance that the metal continued to burn. Once
the graphite blanket was ruptured by stirring, the flames would reappear.

There was no indication that the graphite would adhere to vertical surfaces.

Sodium Chloride

Sodium chloride was tested only in small-scale tests. Magnesium
turning fires were effectively extinguished with sodium chloride crystals.
The pile of turnings was extinguished by a fairly thin layer of sodium
chloride. The crystals melted and fused together, sealing the fire from the
atmosphere. Most of the magnesium turnings remained unburned. No enhanced
reaction occurred when sodium chioride was applied to the fire. The molten

covering produced indicates that the agent may work on vertical surfaces.

Dry Chemical Powders

Three dry chemical powders--sodium bicarbonate, potassium bicarbon-
ate, and ammonium--were tested in small-scale tests. Sodium bicarbonate and
potassium bicarbonate were tested in large-scale tests. All three powders
initially enhanced the combustion of the magnesium in small-scale tests., When
enough agent was applied to completely bury the magnesium turnings, the fire
burned through the bicarbonates very quickly while the ammonium phosphate
continued to control and eventually extinguish the fire. A dark, hard crust
formed away from the metal, apparently sealing the metal from the atmosphere,
but there was no apparent adhesion to the burnt magnesium turnings. The
bicarbonate powders were applied to the large-scale fires primarily to demon-

strate the adverse reaction produced.

Talc Powder

Talc was tested only on small-scale fires. The talc reacted
slightly with the fire when applied in small amounts. When applied in large
quantities the fire was controlled by a thick layer of talc completely cover-
ing the pile of turnings. The magnesium continued to burn under the covering

of talc until all the magnesium was consumed.
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Dry Sand

Sand was tested only on small-scale fires. Prior to testing, the
sand was oven-dried for 2 days. The sand reacted with the fire, popping and
spattering when applied in small quantities. When the magnesium turnings were
completely covered with a pile of sand, the fire was controlled but continued

to burn under the sand until all the magnesium was consumed.

Glass Powder

Three forms of glass powders-~-ground glass powder which passed a
Number 200 mesh, glass miscrospheres and glass flakes--were tested on small-
scale fires. Only the glass flakes melted and fused to seal the fire from the
atmosphere, The other two forms reacted with the fire and would not control
it, Although the glass flakes formed a sealed layer over the metal fire and

self-healed when the seal was broken, the magnesium was completely consumed.

TMB Liquid

In small-scale testing, TMB proved very effective. From the point
of agent volume required to extinguish the 40 ml volume of turnings, the TMB
appeared to be the most effective agent tested. Approximately 5 cc were
required to extinguish the magnesium turnings fires. When applied, the TMB
produces a low-intensity Class B fire which replaces the metal fire almost
immediately. The secondary fire is primarily methanol-fueled and burned out
quickly after TMB application ceased. TMB produced a white powder coating
over the burned metal which bonded the turnings together. ‘A large number of
unburned turnings remained after the secondary fire burned out. Reignition of
the pile of turnings was very difficult, and the reignited turnings tended to

self-extinguish,

Because of its success on the turnings, a small-scale approximation
of the medium-scale vertical test apparatus was fabricated under the labora-
tory hood to test the vertical capabilities of the TMB. Again, the TMB proved
very effective, extinguishing the vertical fire very quickly. Some indication
was evident that the agent had spread to the back side of a vertical sheet
when it was applied to the front side.
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Although only 100 ml of TMB remained after the small-scale testing,
an attempt to extinguish the medium-scale fire was made. The agent was
applied in a small 1.6-millimeter (1/16-inch) orifice straight stream from a
distance of 1.22 meters (4 feet). The fire was not completely extinguished;
but wherever the agent was applied, the fire was extinguished and did not
reignite. The indirectly accessible configuration capabilities indicated in

the small-scale test could not be verified in this limited medium-scale test.

Water

In small-scale testing, a fine mist of water increased the intensity
of magnesium turnings fires. As the coarseness of the spray and application
rate was increased, the aggravation of the fire increased to a point. If the
application rate were increased beyond a certain point, the fire would be
extinguished., When direct streams or very coarse droplets were applied to the
turnings fire, small steam explosions would scatter the turnings.

In medium-scale tests with water, results were mixed. Water was
applied to the medium-scale fire using a 25.4-millimeter (1-inch) hose and an
adjustable spray nozzle., Flow rate and spray coarseness were adjustable dur-
ing each test. 1In some tests, the water spray completely extinguished the
metal fire; in other tests, water only enhanced the fire. The method or tech-
nique of extinguishing magnesium fires with water is extremely critical to the
result. During the limited number of tests performed, a repeatedly effective
technique could not be determined. Even when the fires were extinguished, the
first effect water application had on magnesium fires was an increase in fire
intensity and splattering of burning liquid metal.

AFFF

AFFF was tested on medium-scale magnesium fires,using a solid AFFF
cartridge attached to a portable water extinguisher, AFFF had little effect
on the metal fire even when a large amount was concentrated on a small area of
the fire. An increase in flame intensity and a change in flame color were

noted. No suppression of the fire was observed.
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Halon 1211 and 2402

The halons reacted violently with the magnesium fires. When a fine
mist or halon vapor was applied to the fire, it increased in intnesity signif-
icantly. Applying a Tiquid stream of halon to the magnesium fire caused
explosions and scattering of burning metal. Because the small-scale tests
indicated such violent reactions, medium-scale testing of halon was deleted
from the test plan. Halon 2402 appeared to react more violently than Halon
1211.

Nitrogen (N,) Liquid

In small-scale tests, liquid N, was very effective. Liquid N, was
poured from a small dewar on piles of burning magnesium turnings. The fire
was rapidly extinguished with no initial spattering or increase in fire
intensity.

Liquid N, proved ineffective in extinguishing medium-scale magnesium
fires. Applications of both spray and straight streams were tested. The
spray acted much as gaseous N,, causing an increase in fire intensity.
Straight streams of liquid N, resulted in vaporization explosions, scatter of

burning metal, and an increase in fire intensity.

Silicon Grease

Silicon grease was tested on small-scale magnesium fires. The
grease applied in large quantities extinguished piles of burning turnings,
forming an airtight seal over the pile. Little melting or adhesion to the
burned metal was observed. The grease itself would ignite when applied to an
established metal fire but self-extinguished as the metal fire was extin-
guished. A thick layer of grease applied to the midpoint of a magnesium

ribbon prevented a fire on one end of the ribbon from spreading to the other.

Nitrogen (N.) Gas

Gaseous N, produced by the vaporization of liquid N, was applied to
medium-scale magnesium fires. The result of this application was an increase

in fire intensity where the N, gas was applied. No suppressing effect was
observed.
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Carbon Dioxide (C0,)

€0, from a standard CO, extinguisher was applied to medium-scale
magnesium fires. An increase in fire intensity and a change in flame color

were the only effects observed.

PHASE I CONCLUSIONS AND RECGMMENDATIONS

Background information pertaining to burning and extinguishment has been
accumulated and reviewed. A 1list of extinguishing agents suggested for
magnesium and other metal fires was generated and a group of the most promis-
ing agents for aircraft use were tested on small- and medium-scale fires. The
medium-scale tests were carried out on a unique apparatus developed for this
effort which repeatedly produces magnesium fires with both vertical and
indirectly accessible configurations.

The general requirement for the extinguishment of any fire is-that the
heat loss, Qout’ from the fire must be greater than the heat input to the
fire, Qin' Seven categories or approaches to fire extinguishment were pre-
sented. The seven categories are as follows:

1. Isolate the fuel.

2. Isolate the oxidizer.

3. Cool the condensed fuels.

4. Cool the gas phase.

5. Blow the flame off the fuel.

6. Inhibit the chemical reaction homogeneously.

7. Inhibit the chemical reaction heterogeneously.
The first five approaches involve physical mechanisms and the last two involve
chemical mechanisms. Examples of extinguishing agents which incorporate ecach

of the listed approaches were presented. It was also pointed out that many
agents incorporate more than one of these methods to accomplish extinguishment,
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Several models for the thermophysical behavior of metal fires, particu-
larly magnesium fires, were presented. All of the models are based on diffu-
sion droplet models,as shown in Figure 2. The rate-controlling phenomenon for
magnesium fires appears to be the heat transfer from the standing flame reac-
tion zone back to the fuel surface. Two temperature limits are also present,
The flame temperature is limited by the boiling point of the magnesium oxide
combustion product; the fuel temperature is limited to the boiling point of
the magnesium. The principal homogeneous reaction mechanism in magnesium
fires is thought to be the simple dimer (Mg0eMg0) reaction. Several factors
combine to make extinguishment of magnesium fires very difficult. The high
flame temperature, approximately 7000°F, coupled with the reactiveness of the
magnesium, causes many common extinguishing agents to dissociate and actually
enhance the combustion process. Water and CO, break down and provide addi-
tional oxygen to the fire. Nitrogen, normally considered an inerting gas for
fire extinguishment, will sustain the combustion of magnesium. The action of
halons, which normally slows the combustion process by producing intermediate
products which'require higher temperatures to react, produces violent reac-
tions at the high temperatures encountered in magnesium fires. The high flame
temperature (7000°F), coupled with the high thermal conductivity and low igni-
tion temperature (1200°F) of magnesium, makes extinguishment by cooling very
difficult. The entire mass of magnesium involved in a fire will approach the
ignition temperature while the flame zone temperature is much higher than that
required for combustion. The fact that magnesium ignites at a temperature
below the boiling point of the metal indicates that the combustion can take
place on the metal surface as well as in the gas phase, indicating a chemical
inhibitor would have to function in both burning modes. Most extinguishing
agents for metal fires operate by isolating the fuel or oxidizer. The fluxes,
powders, and even gases work in this manner. Once the barrier between tuel
and oxidizer is established, combustion ceases. The barrier must be main-
tained for long periods, in some cases several hours, until the fuel has

cooled below the ignition temperature,

None of the extinguishing agents identified during this effort can extin-
guish the general configuration metal fire including suspended vertical and
indirectly accessible fires in the open. The gaseous agents boron trifiuo-
ride, boron trichloride, and nitrogen reportedly will extinguish general
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Oxygen Products
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Heat Oxides Metal
flux sedimentation vapor
Metal

Figure 2. Vapor-Phase Diffusion Flame Model.
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configuration fires, hut their application is limited to enclosed spaces. The
boran gases are also highly toxic. During testing, gaseous nitrogen proved
ineffective and actually enhanced combustion.

Several of the agents identified reportedly will extinguish metal fires
in the vertical configuration. MET-L-X, TMB liquid, and glass flakes were
tested. The MET-L-X and TMB liquid proved very effective against vertical
fires in medium-scale tests. The glass flakes controlled the metal fire but

would not prevent the magnesium from being consumed.

The remaining agents tested proved either ineffective on horizontal mag-
nesium fires or ineffective on any configuration magnesium fires., Some of the
ineffective agents such as the halons actually enhanced the combustion.

Table 4 summarizes the agents tested and their performance.

It is recommended that two approaches be taken to arrive at the end prod-
uct of a general configuration metal fire extinguishant. First, an attempt
should be made to reformulate or modify the existing agents which already have
the capability of suppressing vertical fires so that they will be capable of
extinguishing indirectly accessible fires. This should include an analysis of
the existing agent's performance in the field to discover why it has proved
inadequate in current applications. This information will be used to assure
that the reformulated agent will be able to perform effectively in an opera-
tional environment. The initial reformulation direction should be toward a
modified carrier to allow the agent to penetrate to indirectly accessible

fires by vaporizing or flowing alonyg surfaces.

The second approach should attempt to develop a new formulation. This
effort shall take advantage of advances in metal, plasma, and polymer chem-
istry over the paSt 20 years to solve the extinguishment problem in a manner
different from current agents. Although the homogeneous reaction is not the
rate-controlling factor, the suppression of this reaction would assist by
slowing heat generation which may allow cooling to be more effective. The
alternative to this approach is the forming of a durable barrier between fuel
and oxidizer which will withstand heat and disturbances from external sources
and will promote cooling.
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SECTION III

PHASE TI--REFORMULATION AND ORIGINATION OF
EXTINGUISHING AGENTS

In Phase II of this study, the criteria developed in Phase I were applied
in a search for reformulated and new agents capable of extinguishing general
configuration metal fires. Two existing agents were evaluated for reformula-
tion. TMB was selected as the primary agent for reformulation, Additives
that might improve the basic agent were tested and evaluated in large-scale
laboratory testing. The criteria for a satisfactory Class D‘fire suppressant
were refined, and the investigation and preliminary testing of new agent
formulations were pursued further,

REFORMULATION
Literature

A thorough search for literature cataloged by the Department of Defense
on the combustion of magnesium, aluminum, and titanium and on the extinguish-

ment of metal fires was performed. The facilities of the Defense Technical
Information Center (DTIC) were used for this purpose. Abstracts of pertinent

papers obtained in that search are presented in Appendix B.

Agents

Selection

In Phase I, MET-L-X, a proprietary dry chemical powder for extin-

guishment of Class D fires, and TMB, a liquid, boron-containing organic com-

pound, were identified as being particularly effective against magnesium fires
in a vertical configuration (Reference 5). These two agents were selected to
be considered for reformulation for the purpose of improving their perfor-
mance. The Air Force currently uses MET-L-X. Two hand-held extinguishers,
each containing 9.07 kilograms (20 pounds) of MET-L-X agent, are placed as
needed in P<13 airfield ramp fire-fighting trucks. A variety of military and
civilian installations have occasionally used TMB as a Class D fire extin-

yuishing agent.
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Characteristics

A sodium chloride-based formulation, MET-L-X contains a thermoplas-
tic bonding agent and additives to promote flow and to reduce caking and water
absorption. It functions by producing an impervious coating on the fuel sur-
face that excludes oxygen. It absorbs heat from the fuel owing to the heat
capacity of the inert salt and the latent heat of fusion of the thermoplastic.
The thermoplastic forms a matrix to support the salt and to bond it to the
metal fuel surface so that it can operate against fires in a vertical config-
uration. The limitations of MET-L-X, as it is currently used.in Air Force
delivery systems, are the following:

I. It has a limited throw range, particularly in crosswind or
headwind situations,

2. It has an exceedingly limited capability against indirectly
accessible fires,

3. It has a marginal coating integrity. The coat formed to
isolate the fuel from air is inconsistent in quality and is not durable when
cooled by water.

4. The quantities curreﬁt]y carried in Air Force vehicles are

inadequate for suppressing large aircraft magnesium fires.

MET-L-X has a number of desirable characteristics. Its toxicity is
Tow; its reactivity is low (no secondary fire and no reaction with metal
fuel); it is easily handled; it has a long shelf life; it provides some cool-
ing capability; and it is relatively inexpensive ($0.71/0.4536 kilogram
[pound]).

TMB Tiquid is a commercial chemical that has been tested and
occasionally used as a Class D fire-extinguishing agent. It is formed by
allowing trimethyl borate and boric oxide to react at high temperature and

pressure (Equation 1),
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lhe resulting product is believed to consist primarily of a compound having
the molecular structure shown in Figure 3. Undoubtedly, however, there 15 a
significant association between molecules and some polymeric structure. In
the presence of hydrolysis and loss of volatiles, additional compounds are
present., It has been reported that TMB is a highly effective extinguishing
agent for metal fires. Cleanup after using TMB is no more involved than it is
when dry powders are used, and toxicity problems appear to be minimal.

In the presence of heat, thermal decomposition occurs, and methanol

(which will burn in a fire) and boron trioxide are formed.

nNe
~—

B,05(0CH,); + B,05 + B(OCH), (

OCH3

1

CHBO/B\O/B\O%

Figure 3. Molecular Structure of Trimethoxyboroxine
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It has been assumed that in metal fire extinguishment, the boric oxide residue
fuses on the metal surface to form a coating that excludes oxygen. Some evi-
dence indicates, however, that compounds other than boric oxide are also
formed at magnesium surfaces,as will be pointed out later in this section.
Such additional reactions may explain the highly effective surface-inerting

properties of TMB. Although TMB is a very effective extinguishing agent, it
does have some drawbacks. Among these are the following:

1. Because TMB is a flammable liquid, it presents shipping,
handling, and storage problems. ‘

2. It produces a secondary Class B fire during extinguishment
of Class D fires, The secondary fire is due, at least in part, to flammable
methanol released during the thermal decomposition of TMB.

3. It is susceptible to hydrolysis, which produces a precipi-
tate that can interfere with the delivery system by plugging nozzles and
valves. When TMB was used by the United States Navy, the extinguishers
required an inordinate amount of maintenance and, even then, were unreliable.
Even slow‘TMB leaks or seepage past the main release valve of the converted

water extinguisher produced a crystalline deposit in the valve throat, which
restricted or prevented the release of the agent even when the pressure gaye

showed a full charge. Consequently, the extinguisher and valve mechanism had
to be disassembled frequently and deposits cleaned out of the valve. Even

after the mechanism had been reassembled, no one could be certain that the
extinguisher would work a day or a week later,.

4., On open-air aging or at low temperatures, TMB may exhibit
unacceptably high viscosities.

5. The toxicity of TMB and its combustion products, although
low, is larger than that of MET-L-X.

6. It degrades certain polymeric materials.

7. It is relatively expensive ($4.25/0.4536 kilogram [pound]
for industrial grade).
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Reformulation Objectives

Modifications to both TMB and MET-L-X were carefully considered,
The latter agent suffers from two major problems. First, MET-L-X is a solid
powder and therefore has a limited throw range, poor applicability in indi-
rectly accessible fires, and inferior application properties under windy con-
ditions. Second, MET-L-X has only fair surface-inerting properties, appar-
ently as a result of the poor integrity of the surface formed on fusion. The
surface often has targe gaps where burning continues or where reignition
occurs, Reformulation of MET-L-X would require that its physical state be
modified so as to change its application properties. Combining the agent with
a liquid to form a slurry could improve the throw; however, most liquids are
either reactive toward hot magnesium fuel or toward oxygen. Moreover, there
would always be a potential problem with phase separation. The thermoplastic
could be modified to increase flow and spreading so as to improve the surface
integrity and inerting properties. This approach, however, requires formula-
tion with new polymeric systems, a long and difficult task at best. Owing to
the complexity of the agent and the fact that MET-L-X is unsatisfactory, basi-
cally because it is a solid, a decision was made to focus attention on TMB,
which is already in the desired liquid state and has a well-defined

composition,

Four basic problems must be addressed in modifying T™B or in design-

“ing a functioning application system:

1. Flammability.
2. Viscosity.
3. Hydrolysis and aging characteristics.

4, Compatibility with polymers.
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Reformulation and Lab Testing of TMB

Flammability |

Halon 2402 was added to T™B in a successful attempt to reduce the
flammability. Reducing the flammability reduces the handling, shipping, and
storage hazard. It may also reduce the secondary fire (possibly resulting
from the formation of methanol) produced when TMB is applied to burning mag-
nesium. It could also facilitate the use of a TMB fog to reach fires that are
not directly accessible without causing flashback. A potential problem, how-
ever, is that Halons are reactive toward hot magnesium metal, with which they

form magnesium halides. Reactions of halogenated hydrocarbons with burning
magnesium are often violent.

In a series of magnesium fire extinguishment tests, a medium-scale
'configuration (Reference 5) was used, and TMB was applied with 0-, 10-, and
25-percent by volume Halon 2402, MET-L-X was also applied. The purpose of
these tests was to establish a baseline performance for TMB in the standard
general-configuration magnesium fire, to compare the performance of TMB to
that of MET-L-X, and to determine the effects on the performance of TMB pro-
duced by the addition of Halon 2402. Multiple tests were performed in which
TMB and a mixture of 90-percent TMB and 10-percent Halon 2402 was used.
Single tests were performed in which 75-percent TMB with 25-percent Halon 2402
and MET-L-X were used. In some tests the propane torches remained on during
extinguishment; in other tests they were turned off after the magnesium
ignited. In all tests, a water spray was applied to the magnesium after the
intense magnesium flame had been suppressed. The fuel in each test was a
magnesium ingot having a mass of approximately 1 kilogram (2 pounds). The
TMB-based agents were applied by a standard 9.5-Titer (2.5-gallon) water
extinguisher pressurized to 862 kPa (125 Ib/in?). The MET-L-X was applied by
a standard 9.1-kilogram (20-pound) MET-L-X extinguisher., A summary of the
quantities required for extinguishment is presented in Table 5.

AlT of the TMB agents proved to be effective extinguishants. In
fact, the medium-scale, general-confiquration magnesium fire was insufficient
to test the limits of the capabilities of the TMB-based materials. Tests were
conducted in winds up to approximately 40 km/h (25 mi/h). At times the winds
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were perpendicular to the direction of agent application. The straight-stream
nozzle directed the agent on target from 6 meters (20 feet) away. The maximum
distance was limited by the test facility, not by the agent or by the extin-
guisher. On the other hand, the MET-L-X powder failed to extinguish the
indirectly accessible portions of the magnesium fire even under conditions
that seemed extremely favorable to its use. During the single test in which
MET-L-X was used, a 32-km/h (20-mi/h) wind blew directly from the extinguisher

TABLE 5. AVERAGE WEIGHT OF AGENT REQUIRED TO EXTINGUISH A
MEDIUM-SCALE MAGNESIUM FIRE.

Weight, kg
Fire
condition 90% TMB- 75% TMB-
TMB 10% 2402 25% 2402 MET-L-X
Torch on 2.1 1.7 4.2 49,1
Torch off 1.5 1.4 b___ b___

4The entire contents (9.1 kg) of the MET-L-X
extinguisher was expended without extinguishing the
indirectly accessible regions of the burning magnesium.

Dot tested under this condition.

operator to the test fire, carrying the powder to the fire with very little
loss. The apparatus enclosure trapped the delivered MET-L-X agent and held a
dense powder cloud around the magnesium fire for 45 to 60 seconds. The
directly accessible portions of the fire, including the vertical sections,
were extinguished when approximately one-half of the 9.1-kilogram (20-pound)
supply of agent had been expended; however, the areas not directly accessible
were not extinguished even in the extended presence of the cloud of MET-1-X
powder,

The results of these tests showed that the presence of 10-percent
Halon 2402 in the TMB did not interfere with the metal-fire-extinguishing
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capabilities of the TMB. On the other hand, at a 25-percent Halon concentra-
tion, violent reactions occurred and more than twice as much agent was
required for extinguishment. To determine the optimum amounts of Halon 2402
additive, additional magnesium fire-extinguishment experiments were run. The
results showed that 10-percent by volume Halon 2402 was the maximum amount

allowable. Above that amount, a vigorous reaction occurred,

Attempts were made to determine the flashpoints of TMB-Halon mix-
tures by using a Penske-Martin closed cup apparatus; however, the attempts
proved unsuccessful because the Halon 2402 vapor extinguished the ignition
flame. Qualitative tests showed that in open containers, even when the mix-
ture was heated for brief periods or when ignition was attempted with a pro-
pane torch, TMB with 10-percent by volume Halon 2402 could not be ignited.
Heating for extended periods would, of course, cause sufficient loss of Halon
that the agent could be ignited; however, even in this case, the fire was
feeble and easily extinguished. Pure TMB ignited easily and burned vigorously
with a green flame under all conditions.

To test flashback characteristics, nozzles were used to produce a
variety of droplet sizes and spray patterns, which were applied to medium-
scale magnesium fires. In none of these tests did either TMB or TMB-Halon
mixtures flash back from the fire.

From these results, the following can be concluded:

1. The addition of Halon 2402 at the 10-percent level signifi-
cantly reduces the flammability of TMB.

2. Neither TMB nor TMB-Halon mixtures produced any readily
observed flashback problem.

Viscosity

At Tow temperatures (or after prolonged standing), TMB may exhibit a
sufficiently high viscosity that application becomes difficult. A qualitative
test of the viscosity characteristics of TMB and TMB-Halon 2402 mixtures at
lTow temperatures was performed. Samples of TMB and TMB with 10-, 15-, and 25-
percent Halon 2402 were cooled to -25°C for 24 hours. The samples were then

54



examined for signs of separation and tipped to disclose differences in viscos-

ity. No signs of separation or precipitation were apparent in any of the
solutions and, as expected, the higher the Halon content of the solution, the

lower the apparent viscosity. The consistencies of the samples ranged from
tar-like for straight TMB to watery for TMB with 25-percent Halon.

Viscosities were measured at 24°C on a Brookfield Model LVTD viscom-
eter. The viscosity of TMB was determined to be 25.5 centipoises; that of
TMB with 10-percent Halon 2402 was 17.5 centipoises.

From these results, it was concluded that the addition of Halon
2402 significantly improves the viscosity and low-temperature fluidity (and,
therefore, the handling and application properties) of TMB.

Hydrolysis and Aging Characteristics

In contact with air, TMB exhibits a marked increase in viscosity and
forms a white crust. Chemical analysis of the crust indicates that it is
primarily boric acid, H3803:

Found Calculated for H3803
C, 4 <0.7 0
H, % 5.05 4.89

The changes in physical properties appear to be due to two processes. First,
owing to the presence of water in the air, hydrolysis occurs with a Joss of
methanol, CH;0H, and the formation of boric acid, HiB04 (Reference 2):

8303(0CH3)3 + 6H,0 » 3H,BO, + 3CH,OH (3)

A second cause of the changes with aging in the presence of air is the loss of

one or more volatile components over and above the methanol formed during
hydrolysis. The volatile material lost contains boron (as shown by the forma-
tion of boric acid during the hydrolysis of the volatile component itself) and

is most probably trimethylborate (trimethoxyboron), B(OCH3)3. The TMB breaks
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down into trimethylborate and boron trioxide when it is heated (Equation (2),
Reference 6), and it is probable that this same reaction occurs even at ambi-
ent temperatures, albeit at a slower rate. The loss of methoxy groups, either
as trimethylborate in this reaction or as a methanol following hydrolysis, is
expected to increase the amount of cross]inking‘and,thus,to increase the vis-

cosity of the mixture.

Three potential additive mechanisms were proposed to decrease the

changes exhibited by TMB as a result of hydrolysis and volatilization:

1. Additives that react with water could remove water from the
system before hydrolysis of the TMB occurs.

2. Acidic additives would lower the pH and thereby reduce the
rate of hydrolysis. Owing to the large nucleophilicity of the hydroxide ion,
bases exert a significant catalytic effect in hydrolytic reactions
(Reference 7),

3. Agents that complex the boron should reduce the loss of
volatile boron compounds (by increasing their molecular weight) and at the same

time reduce the amount of crosslinking.

To evaluate Various additives, two tests were conducted, In one, a
mixture of TMB and additive was coated on a glass slide, the slide was placed
in a desiccator containing water vapor, and the time to formation of a white
coating was observed. In the second test, the viscosity of mixtures of addi-
tive and TMB was followed as a function ot time. Among the additives tested
were glycerol, ethylene glycol, and dulcitol, which are expected to be good
boron-complexing agents. They are oxygen-containing liquids and should bind
boron readily. D-glucuronic acid is a complexing agent; it is also acidic and
lowers the pH of its solutions. Finally, alpha-D-glucoheptanoic acid gamma-
lactone and gamma-gluconolactone are complexing agents. They are reactive
toward water, and acidic products are formed in that reaction. Despite their
optimal properties, none of these additives produced any significant improve-
ment of the aging-in-air characteristics of TMB.
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At this point, aging tests were initiated on TMB with silicone oils.

Dow Corning 510 (phenylmethyl polysiloxane, 50-centistoke viscosity) and 200
(dimethyl polysiloxane, 5- and 20-centistoke viscosities) silicone fluids were

tested as additives. In addition, TMB containing Halon 2402 was evaluated. In
the initial studies, viscosities as a function of time were determined for
mixtures containing 1 percent silicone fluid by weight or 10 percent Halon 2402
by volume. Viscosities were determined on approximately 400 mL of sample. A
Brookfield Model LVTD viscometer at ambient temperatures (20 to 27°C) was used
for this purpose. Although viscosity depends strongly on temperature, the use
of a TMB control containing no additive eliminated the need for a controlled-
temperature environment., The mixtures were allowed to sit in open containers
in a closed fume hood with the fans running. The aging tests were terminated
at 90 hours for the mixtures containing silicones and at 335 hours for the TMB
control and the TB-Halon 2402 mixture,

The results (Table 6) of these viscosity tests with silicone or 2402
additives were surprising. It was expected that the silicone fluids wouid
cover the surface and inhibit both the entry of water vapor and the loss of
volatile components. In addition, the silicone oils were expected to decrease
viscosity and improve flow characteristics owing to their lubricant properties,
On the other hand, Halon 2402 should evaporate from an exposed mixture rela-
tively rapidly, after which time it should have no effect. However, the addi-

tion of silicone fluid caused a marked increase in the aging viscosity, and the

“addition of 2402 gave improved viscosity properties with aging. The relative

effectiveness of the various additives is best seen in Figures 4 and 5, Note
that the viscosity in Figure 4 is gfaphed on a log scale. Some of the varia-
tion shown in Figufe 5 is a result of temperature variation; undoubtedly, how-
ever, the addition of 2402 at the 10-percent by volume level significantly

improves the aging performance for viscosity.

In hopes of explaining these seemingly anomalous results, additional
aging experiments were conducted, monitoring weight loss rather than viscosity.
The purpose was to determine whether the viscosity changes were correlated with
the loss of volatile components. In the initial series of experiments
(Study 1), the weight losses on aging were determined for mixtures of TMB with
0.5-, 1-, 2-, 5-, and 10-percent by weight Dow Corning 200 silicone fluid (5-

centistoke viscosity) and with 2-, S, 10~, and 20-percent by volume
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Viscosity, cP
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Figure 4. Viscosity in Centipoise as a Function of Time for Open-

Air Aging of TMB with Various Additives.
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Halon 2402. The procedure employed previously was used to age the mixtures

to a maximum of 192 hours. Simultaneous monitoring of the samples for viscos-
ity was not performed owing to an unavoidable loss of sample during the vis-
cosity determinations. The results of this first study are presented in

Table 7 and in Figures 6 and 7. When a low level of Dow Corning 200 silicone
fluid is added, an initially rapid weight Toss, and then a more moderate loss,
occurs,  With larger amounts of silicone additive, the initial weight loss is
somewhat lower, The addition of 2402 to TMB gives weight loss-time curves
that are different from those obtained with TB and silicone fluid. The ini-
tial, more rapid loss in weight is much lower than that obtained for the addi-
tion of silicone fluid. Furthermore, the plateau is reached much sooner and

at a much lower percentage loss (except possibly for the lowest amount of
Halon 2402 added).

TABLE /. WEIGHT LOSS ON OPEN-AIR AGING OF MIXTURES OF TMB WITH
5-cSt-VISCOSITY SILICONE FLUID OR WITH HALON 2402 (STUDY 1).

Weight loss, percent
Additive

18 h 46 h 70 h 95 h 167 h 192 h
2% 2402 0.70 1.07 1.44 5.54 7.84 7.87
5% 2402 0.60 0.60 0.60 0.76 0.76 n.83
10% 2402 1.28 1.37 1.37 1.76 1.85 1.92
20% 2402 2.15 2.25 2.33 3.00 3.55  3.67
1/2% 200 fluid 8.65 11.27 11.35 11.37 11.45 11.50
1% 200 fluid 4.90 9.64 11.52 12.37 14.09 14,26
2% 200 fluid 2.63 6.55 8.95 10.20 13.18 13.95
5% 200 fluid 1.0b 2.65 4.05 5.10 7.55 8.63
10% 200 fluid 0.35 1.15 1.85 2.50 4,25 4.95

A comparison of the effect of adding silicone fluid to that of
adding Halon 2402 is best seen in Figure 8, which shows the weight loss at the
end of the test (192 hours) as a function of the percent by volume Halon 2402
and percent by weight Dow Corning 200 silicone fluid. As in the case of aging
changes monitored by viscosity, Halon 2402 gives much better aging properties
than does silicone fluid., The slopes (but not the magnitudes) of the curves
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shown in Figure 6 at higher percentages of additive are easily explained.
Silicone fluids are not miscible with the TMB and float on the surface. The
vapor pressure of 5-centistoke-viscosity Dow Corning 200 silicone fluid is
much less than that of TMB (at 38°C, TMB: approximately 100 torr [Refer-
ence 2]; 5-centistoke Dow Corning 200: approximately 0.1 torr [by extrapola-

tion of data obtained from Dow Corning]). Therefore, the silicone fluid can
act as a barrier to volatilization from the TMB surface. As more silicone
fluid is added, it acts as an increasingly effective barrier to the loss of
volatiles. On the other hand, Halon 2402, which is miscible in TMB, has a
very high vapor pressura (about 341 mm Hg at 25°C; Reference 8). At higher
concentrations, the vapor pressure of the mixture is increased with increasing
Halon 2402 concentration. Neither of these considerations, however, explains
the actions of silicone fluid and Halon 2402 at lower concentrations, where

the addition of silicone has an increasingly detrimental effect and the addi-
tion of Halon 2402 an increasingly beneficial effect.

The results were sufficiently surprising that the weight loss exper-
iment was rerun. A somewhat different range of additive amounts was used, and
TMB controls were employed (Study 2). Separate controls were employed for the
Halon and silicone fluid additive experimental runs owing to slight differ-
ences in the total volumes of liquid used. Mixtures of B with 0-, 0.5-, 1-,
2-, 5-, and 10-percent by weight, 5-centistoke Dow Corning 200 silicone fluid
and with 0-, 2-, 5-, 10-, and 20-percent by volume Halon 2402 were allowed to
sit in open containers in a fume hood with air circulation for 502 hours. The
results are presented numerically in Table 8 and graphically in Figures 9 and
10. These figures show something that had not been evident before (owing to
the lack of control): TMB without additives suffers a rapid initial loss of
weight., Comparison of these data with the viscosity changes shows that this
rapid loss of weight is not refiected in a similar rapid increase in viscosity
(Figure 5), although the overall trend for both viscosity and weight Tloss is
an increase with time., Thus, these data indicate that although the viscosity
changes in pure TMB on open-air aging may be due both to loss of volatiles and
to hydrolysis, the latter is probably more important (the slope of the viscos-
ity-time curve is far more constant--excluding short-term variations due to
temperature fluctuations-~than is the slope of the weight loss-time curve,
which shows a steep increase followed by a plateau). Note that hydrolysis
alone must lead to a weight gain, which would vary in magnitude depending on
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whether the methanol formed is volatilized. The addition of both Halon 2402
and silicone fluid decreases the rapid initial weight Toss, although the Halon
is considerably more effective in this regard. However, the TMB-silicone
mixtures continue to lose weight long after the TMB and TMB-Halon mixture
weight-time curves have reached a plateau.

The weight losses as functions of amount of additive for TMB-sili-
cone and TMB-Halon are shown in Figure 11. The relationships are similar to
those shown in Figure 8, although there are some irregularities in the TMB-
Halon curve. Again the addition of silicone fluid gives an increased weight
loss on'aging, and the addition of Halon 2402 gives a decreased weight loss,
intermediate amounts of additive being the most “effective" (i.e., beneficial
for Halon and deleterious for silicone fluid).

No explanation for the observed effects with Halon 2402 and silicone
fluid additions is readily apparent, but one can draw the following
conclusions:

1. On setting in air, TMB forms a crust, undergoes a rela-
tively slow increase in viscosity, and exhibits an initially rapid decrease in
weight, These changes are due to hydrolysis and loss of volatiles.

2. The addition of Halon 2402 (optimum amount is around

10 percent) to TMB significantly decreases the viscosity gain and the weight
Toss on aging and therefore improves the aging properties of TMB,

3. The addition of silicone fluid to TMB causes a large rise
in the rate of viscosity increase and in the overall weight loss. These are
both deleterious changes.

Compatibility Studies

In the initial TMB studies, it was observed that the TMB agent
severely attacked a plastic dip tube in a fire extinguisher., A series of

compatibility studies was carried out to determine which materials could be

69



5¢

*(¢ Apnis) buiby uty-uadp 30 SUNOH 20§ 4834y Junouy
SALILPPY O UOLIDOUNY P SP SOUNIXLW BALILPPY-gWL 40j $S07 JybraM “T1 aunbiy

Jusduad ‘8ALILPpPY

0¢ ST 01 G 0

T T I A 0

¢0pZ uojey

pLNL4 00¢ 01

quaduad “sso7 jybiom |RUL4

70



used with both TMB and the reformulated agent. In these studies, ASTM test
D543-67 was employed. Weight, dimension (length, thickness, width), and hard-
ness changes were monitored for eight plastics (Delrin, polyvinylchloride
[PVC], nylon, acrylic, low-density polyethylene [LDPE], high-density polyeth-
ylene [HDPE ], polycarbonate, and Teflon) and for four rubber elastomers {neo-
prene, butyl, buna, and silicone) in contact with TMB, Halon 2402, and a mix-
ture of 90-percent TMB and 10-percent Halon 2402. Hardness was determined by
using a durometer according to ASTM Test D2240-75. All polymeric materials
All polymeric materials were tested as 25.4- by 76.2-millimeter (1- by 3-inch)
strips cut from nominal 3.49-millimeter (1/8-inch) thick sheet stock. Three
samples of each polymer were tested with each agent. The plastics were
allowed to sit for 57 days and the elastomers for 67 days. Single measurc-
ments of weight and length and multiple measurements at different locations of
thickness (three locations), width (two locations), and hardness (five loca-
tions) were performed on each sample before and after aging. A separate
closed container was employed on each strip tested. The results are given in
Tables 9-11.

The results show that both Halon 2402 and TMB attack certain poly-
mers. It is of interest that some polymers are affected to a significantly
greater extent by the Halon, and others are affected more by the TMB, The
results of the aging tests in which 90-percent TMB with 10-percent Halon 2402
was used are of gredtest interest because this reformulated agent shows the
most promise as a Class D extinguishant. Of the plastics, PVC, De]rin, and
Teflon exhibit the émal]est changes in properties and dimensions after they
have been aged with T™B-Halon, PVC showing the least change. Nylon, LDPE, and
HDPE were the next best. The remaining plastics (acrylic and polycarbonate)
deteriorated significantly. All of the rubbers were affected by the agent.
Buna and silicone rubber exhibited exceedingly large changes in dimension or
appearance, or both, These compatibility results indicate that for long ser-
vice life, extinguishing equipment should be designed so that contact between
a Halon-modified TMB agent and any of the materials tested (with the possible
exception of PVC, Delrin, and Teflon) is limited. It may prove necessary to
test additional rubbers for use as gasket materials.
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TABLE 9. PROPERTY CHANGES FOR POLYMERS IN CONTACT WITH TMB.®

Polymer Hardnesg Change, percent
change
Weight Length Thickness Width
Delrin -1.8(15) 0.83(2) 0.06(?) 1.7(6) 0.15(5)
PVC =0.1(12) 0.00(1) O 12(%) ~0.2(10) 0.02(18)
Nylon 3.9(10) -0.49(1) -0.12(1) 0.5(5) -0.22(6)
Acrylic 0.7(9) -5.49(13) | -0.27(2) —4.3(4)' -0.58(3)
LDPE -3.0(8) 1.24(2) 0.38(4) 0.5(6) 0.36(4)
HDPE -0.3(10) 0.74(2) 0.24(4) 0.6(8) 0.18(6)
Polycarbonate -8.5(28) 4.41(41) 0.19(5) 6.6(14) 0.92(12)
Teflon -1.6(9) 0.06(0) 0.17(11) 1.2(6) 0.13(11)
Neoprene 7.9(9) 2.93(32) | -0.18(28) |- -0.9(6) 0.11(25)
Butyl 2.5(7) 0.86(1) 0.25(8) -0.4(4) | 0.21(14)
| Buna -15.1(9) 110.04(82) | 25.09(22) 30. 3(8) 28.82(53)
i Sih'coneC -— —— - -——— ——

aAverage deviations of last significant digit are given in parentheses.

bA Type D durometer was used for the plastics and a Type A durometer
: for the rubber elastomers.

CSamp]e so deteriorated that changes could not be determined.
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PROPERTY CHANGES FOR POLYMERS IN CONTACT WITH HALON 2402.°

TABLE 10.
Polymer Hardnesg Change, percent
change
Weight Length Thickness Width

Delrin -0.4(8) 0.22(1) 0.01(1) -0.5(5) -0.07(4)
PVC -0.2(6) -0.02(0) 0.02(1) 0.5(10) 0.07(10)
Nylon 3.3(12) 0.12(1) 0.00(0) 0.3(5) 0.07(8)
Acrylic 0.4(9) ‘.-- “..- 0.3(6) | -0.10(7)
LDPE -4.2(12) 14, 38(2) 1.96(5) 2.1(7) 1.65(5)
HDPE -3.4(7) 9,15(10 1.39(1) 1.7(5) 1.10(10)
Polycarbonate -1.3(8) -0. 01(1) 0.03(0) 0.0(7) 0.02(6)
Teflon -5.3(8) 3.90(136) 0.41(1) 3.2(9) 0.52(6)
Neoprene 8.9(8) 4.92(152) | -3.68(20) -8.2(3) -3.89(31)
Butyl -7.0(8) 48.76(26) 3.69(3) 7.1(5) 4.49(19)
Buna -15.4(28) 42.90(222) | 1.74(18) d__. 2.05(12)
Silicone® -2.2(7) -3.66(11) | -1.44(8) -3.2(4) -1.12(9)

aAverage deviations of last significant digit are given in parentheses.

bA Type D durometer was used for the plastics and a Type A durometer for
the rubber elastomers.

CAcry]ic breaks into pieces in Halon 2402.

dNo thickness measurement was made in buna owing to pockets of Halon
2402 within the sample after it had been aged.

S111cone rubber sample shrank between the time it was removed from
the Halon 2402 and the time of measurement (about 24 hours later). The
immediate dimensions upon removal were about 50 percent larger than the
dimensions before aging.
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TABLE 11. PROPERTY CHANGES FOR POLYMERS IN CONTACT WITH MIXTURE
OF 90-PERCENT TMB AND 10-PERCENT HALON 2402.9

Polymer Hardnesg Change, percent
change

Weight Length Thickness Width
Delrin 0.9(8) 0.88(2) 0.07(2) 0.8(9) 0.12(3)
PVC 0.4(6) 0.10(2) 0.06(1) 0.2(10) 0.07(7)
Nylon 4.9(13) -0.48(3) -0.16(1) 0.4(4) -0.15(5)
Acrylic 0.7(9) -4,94(131) | -0.38(1) -6.6(5) -0.80(3)
LDPE -1.6(8) 3.66(2) 0.62(4) 0.7(2) 0.62(6)
HDPE -1.3(7) 1.56(2) 0.43(4) 0.3(5) 0.25(10)
Polycarbonate -9.2(17) 7.31(26) 0.31(6) 7.0(9) 1.03(15)
Teflon ~-1.1(13) 0.21(1) 0.23(13) 0.8(7) 0.13(4)
Neoprene 6.6(8) 9.27(46) 0.18(16) 0.5(5) 0.18(42)
Butyl 1.5(10) 6.54(55) 0.60(5) 0.4(4) 0.66(25)
Buna -17.8(9) 121.80(50) | 25.86(17) 31.5(6) 29.58(30)
Silicone” --- ~-- --- --- -

aAverage deviations of Tast significant digit are given in parentheses.

bA Type D durometer was used for the plastics and a Type A durometer
for the rubber elastomers.

Samp]e so deteriorated that changes could not be determined.

Fire Tests

In addition to tests performed during the reformulation (Table 4), other

fire tests were conducted as described in this section.

Large-Scale Tests

The following large-scale fire tests were performed during Phase II.

AlT tests were recorded on video tape.
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For the first test, a B-52 engine cowling was supported 1.5 meters
(5 feet) above the ground, and one-half was loaded with approximately 45 kilo-
grams (100 pounds) of magnesium scrap consisting of rocket fins, small struc-
tural bracketg, and 3.18-millimeter (1/8-inch) sheeting. The magnesium was
ignited and allowed to burn for approximately 2 minutes. Before extinguish-
ment began, most of the pieces of scrap were at least partially burning, and
magnesium had burned through the aluminum cowling in several places. Most of
the fire was above the level of the fire fighters' heads. A single 9,5-liter
(2.5-gallon) extinguisher containing a mixture of 90-percent TMB and 10-per-
cent Halon 2402 was used to suppress the fire. With one-half of the extin-
guishing agent, the intense magnesium fire was rapidly knocked down. The rest:
of the agent was used to extinguish some small, flaming, indirectly accessible
spots that persisted. A water spray applied after the TMB-Halon had been
exhausted caused a few hot spots to react, but the water extinguished these in
a short time. An attempt to reignite the magnesium after the fire had been
extinguished failed. Overall, the test was very successful. The performance
of the TMB-Halon mixture was impressive. A fine spray could prove to be more
efficient in the indirectly accessible spaces.

A second large-scale magnesium fire test was performed to verify the
capability of the reformulated agent to extinguish general-configuration mag-
nesium fires. Approximately 90 kilograms (200 pounds) of magnesium were
ignited in a mockup engine nacelle constructed from B-52 engine cowlings. The
90-percent ™B with 10-percent Halon 2402 agent, followed by a water spray,
successfully extinguished the fire. Less than 19 liters (5 gallons) of agent

' were required.

In addition, four large-scale magnesium fire tests were conducted so that
the performance of the TMB-Halon mixture and that of the current standard
MET-L-X agent could be compared. For these and future large-scale tests, two
38-liter (10-gallon), wheeled chlorobromomethane (CB) extinguishers were modi-
fied to handle a TMB-Halon mixture and the MET-L-X agent. New 9-meter (30-
foot) hand lines were attached, and shutoff valves and nozzles were acquired.
Each fire was fueled by approximately 90 kilograms (200 pounds) of magnesium
suspended 1.5 meters (5 feet) above the ground in a pair of B-52 engine cowl-
ings. Figures 12 and 13 show the large-scale test. A prolonged preburn of
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20 minutes was allowed in each case. In the first test a mixture of approxi-
mately 19 liters (5 gallons) of 90 percent TMB with 10 percent Halon 2402,
with a water assist, was used to combat the fire, The modified CB extin-
guisher was used with a much higher agent application rate (approximately

38 Tliters [10 gallons] per minute) than that used in any previous test. The
agent was not applied in the most effective manner and was exhausted before
the fire was completely extinguished. However, the agent did control the
intense white magnesium fire, and no violent reaction occurred when water was
applied. Prolonged water application extinguished the fire.

4 In the second test in this series, the modified CB extinguisher
contained a total of 57 liters (15 gallons) of MET-L-X, having a mass of
68 kilograms (150 pounds). At the end of the preburn, most of the flaming
suspended metal burned through the bottom of the cowlings and fell to the
ground. This fire was not ideal for comparison with the first, but it should
have been more easily extinguished by the MET-L-X. Again the agent was
applied at a very high rate (approximately 38 liters [10 gallons] per minute),
and,in this case,very little of the agent was wasted. Although the MET-L-X
somewhat reducedAthe intensity of the fire, the metal continued to burn vigor-
ously. Application of water seriously aggravated the fire. At this point,
9.5 liters (2.5 gallons) of TMB was applied to the fire., The fire was still
not extinguished, but it was now possible to apply water, without causing a
violent reaction, to extinguish the fire by cooling it.

In the Tast two tests of this series of four, MET-L-X and 90-percent
TMB with 10-percent Halon 2402 were applied to nearly identical fires. In the
third test, an extinguishant of 112 kilograms (247 pounds) of MET-L-X was used
in an attempt to control the metal fire. The application of water after the
MET-L-X had been exhausted produced more violent reactions than had the TMB-
Halon mixture but it eventually extinguished the fire. During the last test,
the fire was controlled by an application of 34.5 kilograms (76 pounds) of
TMB-Halon. Water was then used to completely extinguish the fire.
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Modified/Medium-Scale Tests

During Phase II, a new medium-scale test was designed. The purpose
was to determine the minimum amounts of MET-L-X, TMB, and TMB-Halon required

ifor extinguishing magnesium fires of varying sizes. A 0.6- by 1.2-meter (2-

by 4-foot) welded steel pan, 102 millimeters (4 inches) deep, was used as a
platform for the fires, The platform was supported by four cylindrical concrete
blocks, 559 millimeters (22 inches) long by 305 millimeters (12 inches) in diam-
eter (Figure 14), and a series of stacked concrete cinderblocks. The platform
was approximately 610 millimeters (24 inches) above the grodnd. Two torches,
mounted near the platform, were pointed toward the center of the pan (Fig-

ure 15). The magnesium was cut into blocks of about 500 grams (1 pound) each.
One, two, or three blocks were used per test. The blocks were stacked in an
irregular pattern to simulate the configuration of a concealed or confined fire.

All tests were recorded on videotape. In addition, test personnel recorded
their visual observations. The test results are shown in Table 12,

TABLE 12. RESULTS OF MODIFIED MEDIUM-SCALE FIRE TESTS.

Average deviation in
agent quantity for
~ Fire size, Agent flowrate,| Agent quantity, 3 tests,
Agent blocks of Mg g/s g g
TMB~Halon 2 36 1230 201
TMB-Halon 2 94 769 152
TMB-Halon 3 82 1069 129
TMB-Halon 1 79 603 146
™8 2 73 1304 35
MET-L-X 2 75 1952 635

The results indicate that for a fire of this size, a higher flow rate
(95 g/s versus 36 g/s) gives slightly better extinguishment. They also indi-
cate that TMB-Halon is superior to TMB, and TMB is superior to MET-L-X.
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Figure 14. Modified Medium-Scale Magnesium Fire Test Apparatus.
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NEW AGENT
Criteria

Two features unique to metal (Class D) fires complicate the task of
developing an effective extinguishing agent (Reference 9). First, the metal
fuel is highly reducing; second, the fuel is hot.

In Class D fires, both a strong oxidizing agent (oxygen) and a strong
reducing agent (metal) are present. Owing to this combination, fire suppres-
sion agents that can be either oxidized or reduced may, and probahly will,
give a significant secondary reaction. For example, extinguishing agents such
as carbon dioxide and water, which are highly effective for most other types
of fires, not only fail to extinguish magnesium fires but actually enhance
combustion because of their reducibility. Water is violently reduced by burn-
ing magnesium, forming hydrogen gas (which is also combustible); carbon diox-
ide is reduced to carbon. On the other hand, if one chooses an agent already
in a reduced form, a secondary fire can occur as that agent is oxidized by the
oxygen present., For example, hydrocarbons can often extinguish a magnesium
fire, at least temporarily, without reacting violently with the magnesium, but
such agents usually create a secondary fire. In this case, one trades a
Class D fire for a Class B fire. The problem with agent flammability is
increased by the hi