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NOTICES

When US Government drawings , specifications, or other
data are used for any purpose other than a definitely related
Government procurement operation, the Government thereby
incurs no responsibility nor any obligation whatsoever, and
the fact that the Government may have formulated, furnished,
or in any way supplied the said drawings, specification, or
other data, is not to be regarded by implication or otherwise,
as in any manner licensing the holder or any other person or
corporation, or conveying any rights or permission to manu-
facture, use, or sell any patented invention that may in any
way be related thereto.

Qualified requestors may obtain copies of this report
from the Defense Documentation Center (DDC), Cameron
Station, Alexandria, Virginia 22314.

The experiments reported herein were conducted according

to the "Principles of Laboratory Animal Care" established by
the National Society for Medical Research.
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ABSTRACT

Subsequent to the fire in the space environment simulator at
Brooks Air Force Base on 31 January 1967 the Aerospace Medical
Division developed fire extinguishing systems and protective
clothing for use in oxygen enriched atmospheres. As this was a
subject of intense general interest, it seemed appropriate to host
a conference to describe and demonstrate these fire extinguishing
systems and protective clothing. This document contains the
proceedings of the conference which was held on 23 May 1967

and was attended by approximately 300 persons.
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WELCOME ADDRESS
Méjor General Charles H. Roadman
Commander Aerospace Medical Division
Brooks Air Force Base Texas

I would like to welcome you to Brooks Air Force Base, the home
of the USAF School of Aerospace Medicine and the Headquarters of
the Aerospace Medical Division. We are very pleased to have such
a distinguished group convene this morning and, frankly, quite
surprised by the number who have expressed by their presence,
interest in this area. As shown by the size of this group, the organi-
zations represented and the agenda, it is apparent that the subject of
this meeting is of sincere concern to us all, both in this country and
in fact, international. We have accomplished considerable work in
the areas of fire ignition and extinguishment and in protective clothing
since our unfortunate accident on 31 January. The intent of this
conference is to share with you the information which we have gathered,
and we have pointed our agenda to meet this goal. In addition, we are
very happy to have representatives from the United States Navy, the
Veterans Administration, the Royal Air Force and the National Aeronautics
and Space Administration on this program.

You can see that the agenda is a full one and the schedule is quite
tight, however, we do not intend to permit the schedule to prevent our

answering your questions before you leave. We are anxious to have any



information from any conferee, and not just those on the program,
because exchange of information is the objective of this conference.
Our research programs which use oxygen enriched atmospheres
are presently in a state of suspension contingent upon certain modi-
fications--removing fire hazards, providing fire extinguishing systems,
and the development of protective clothing for our future research
efforts. We intend to resume these programs in the near future but .
not until we have provided reasonable and acceptable systems which
will prevent future accidents in these environments.
I would like to express my appreciation to the contractors who .
have worked closely with us during the past two months: The South-
west Research Institute, the "Automatic" Sprinkler Corporation of
America, Fenwal Incorporated, and Pyrotronics; to our associates
from the Air Force laboratories at Wright-Patterson AFB and to our own
personnel at Brooks. This has been an outstanding team in the opinions
of all of us. They spent many long hours installing and testing the fire
extinguishment systems and developing the protective garments.
Again, I want to express our appreciation for your attendance at
this conference. I trust that the accommodations and other adminis-
trative arrangements are satisfactory, and I, with all members of the =
Division and the USAF School of Aerospace Medicine, am very pleased

with your interest and your attendance. I would like to assure you that



this is your conference and to express again our interest in any other
ideas, any suggestions, any criticisms that can improve our research
program and assure our getting on in the space environment with the
least possible hazards.

We thank you for your attendance.



TWO MAN SPACE ENVIRONMENT SIMULATOR ACCIDENT
Colonel A, G. Swan
Director of Research & Development
Aerospace Medical Division
Brooks Air Force Base Texas

Thank you, General Roadman. I would like to recognize the Deputy
Chief of Staff for Bioastronautics and Medicine, Air Force Systems
Command, Andrews AFB, General Don Wenger. I would also like to =
recognize Colonel James Nuttall, the Commander of the USAF School
of Aerospace Medicine, whose facilit es we are using today. I would
like to introduce Dr Hubertus Strughold, the Chief Scientist of the s
Aerospace Medical Division, and Wing Commander Allen Crawford
from the Royal Air Force stationed at the British Embassy in Washington.
We will now proceed with the program.

I would like to describe for you the results of the investigation of
the accident which occurred at Brooks AFB on 31 January 1967. I will
use a series of documentary photographs that were taken two and a
half hours following the fire. These photographs will take you from
the outside of the chamber to the inside of the chamber so that you
will have an idea of the extent of the burning and the pattern of flame
propagation. Figure 1l is a view of the high bay area in Building 170.
The chamber is located in the upper right corner. This particular chamber
has a lock (the first part) and a test cell approximately 12 feet by 5 feet

as shown in Figure 2. The test cell is roughly twice the size of the
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air lock. The right corner of the chamber door is very sooted (as shown
in Figure 3) where flames were seen coming from the chamber. Some of
the debris in the front portion of the lock was partially burned. This
material was taken in by the airmen in order to clean the animal cages.
Figure 4 shows an oxygen hose and a helmet that was located in the
lock. Figure 5 shows the left side of the lock. There is some uneven
burning demonstrated--very intense burning around the top of the oxygen
hoses and hardly any burning in the loop a little lower down. Three
cages of mice which had been put in the lock are also shown. Figure 6
is a closer view of the oxygen regulator. When the material was
chipped away from the switches and when the oxygen regulators were
checked, they were found to be completely functional.

Figure 7 is a view into the test cell which shows packages of
refuse that had been taken from the trays beneath the sixteen rabbit
cages inside the chamber. Figure 8 is a view of the right side of the
test cell immediately in back of the bulkhead. There was no burning
at all of this hose and only a little sooting. Figure 9 is another view
of the left side and rear of the test cell. Notice that some of the cage
doors are open. Figures 10 and 11 are some views of some of the
materials which the airmen inside were working with--a dust pan and
broom which had been used for cleaning, a lamp and some of the

animals which were out of their cages. The laboratory stool that
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Figure 5 Left Side of Lock
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Figure 7 View into Test Cell
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Figure 8 Test Cell Oxygen Regulator
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Figure 9 Left Side of Test Cell
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Center of Test Cell

Figure 10
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had burned is responsible for most of the sooting because the air
circulation at the time was going up at that end of the chamber.
Figure 12 is a closer view of some Teflon insulated wire which did
not burn and grommets on a junction box which did burn. The sooting
inside this junction box (Figure 13) is a result of the smoldering
grommets. Figure 14 shows part of a communications cord that burned
partially. There is some deformation in the microphone, however,
this rubber insulated communications cord did not burn.

Let me review for you some of the activities that happened outside
of the chamber. On the morning of the 31st of January at about 8:18
the two airmen went inside the chamber and started to altitude in the
lock. The purpose for going inside was to remove animal waste, to
feed and water the animals and to perform any actions required by the
experim ental protocol. The objective of the experiment was to determine
the effect of near pure oxygen at 1/2 atmosphere on the blood forming
organs of mammals. The experimental animals were sixteen rabbits in
addition to the three cages of mice, about fifty in number, which were
to be taken in on the day of the fire. The crew chief sits at the
instrument panel (Figure 15) and was in voice contact with the airmen
inside. After about twenty minutes of denitrogenation and when they
had reached 380 mm of Hg the test cell door was opened and the airmen

went inside. There was some discussion wit.. the crew chief about
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Figure 13 Interior of Junction Box
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Figure 14 Communication Set in Test Cell
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po‘sitioning the animal watering bottles because there was hope that they
would be able to service the cages on two day intervals rather than daily.
The crew chief, after a few minutes, heard a noise that he described as
being similar to a cage dropping inside the chamber. At that point, he
got up from his console (there was no communication exchanged) and
came around toward the front of the chamber and saw the fire through
the porthole. He immediately declared the fire, went back to his position
at the console and pushed the emergency button which summons the
medical officer of the day. He also opened three valves which started
the chamber back down to ground level.

Let me now review what we think was happening inside the chamber.
In this cross section view (Figure 16) of the chamber the air conditioning
duct is shown in its position below the floor. The two rows of rabbit
cages are above the floor plates. As to the possible causes of this
fire, we know there was a possibility that hydrogen could have been
generated because the carbon dioxide removing agent consisted of
calcium, barium, and potassium hydroxides. These hydroxides in the
presence of water and aluminum will generate hydrogen. Computations
indicated, however, that we could have produced only enough hydrogen
to accumulate about two percent by volume in the total time available
for the reaction. This two percent could have been produced only if all

possible reacting agents had been consumed. After going back into the

22
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laboratory to assure that our calculations were correct, we have excluded
the possibility that the fire resulted from a combustible atmosphere. In

the air conditioning duct we found evidence of a very strong exothermic
reaction. Figure 17 depicts the carbon dioxide filter consisting of the
hydroxides contained in stainless steel screens. The air conditioning

duct is constructed of aluminum. This series of filters (Figure 18)
contained several rows of tape to direct the air flow through the hydroxides.
Testing performed by the Air Force Materials Laboratory at Wright-
Patterson AFB indicated that the aluminum cover experienced approximately
700-800°F. There is some molten stainless steel at several points and
some parts of the filter are less damaged than others. These stainless
steel ribs were part of the filters. A chemical reaction between pure
oxygen and stainless steel will, at a temperature of approximately

2250°F, initiate and sustain itself as long as there is stainless steel

and oxygen present. This reaction can be depressed by high concentrations
of either water vapor or carbon dioxide. Once the reaction starts it will
burn at temperatures between 2300-2600°F. The question was whether

this reaction was a primary source of fire or whether it was secondary

to the fire. We have calculated that the temperature inside the chamber
could have been 800°F within 14 seconds and this far surpasses the >
auto-ignition temperature of the organic tape which was across the top

of the filter. The air conditioning system had active circulation at the
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time, so the circulation would have taken the hot gases down into the
air conditioning duct and would have exceeded the temperature necessary
to ignite the tape. This, in turn, (as confirmed by laberatory experi-
mentation) could have burned hot enough to initiate the stainless steel/
oxygen reaction. In summary, these were two possibilities of the cause
of the fire--the possibility of hydrogen being generated and the evidence
of a very strong exothermic reaction that had taken place. We have
dismissed both of these--one by determining that hydrogen could not
have been generated in sufficient quantities to obtain the minimum four
to five percent lean mixture required for an explosive atmosphere and

the other by determining that the stainless steel/oxygen reaction very
likely started secondary to the fire.

Figure 19 shows the position of a lamp with Teflon insulated wire
which was used to heat the rabbits' ears to facilitate drawing blood
samples. Five of the sixteen cage doors had been opened. Two of
these cage doors could have been opened only by human hands because
they had a special type fastener. The other three cages had large paper
clip fasteners and the rabbits, in excitement, jumping against the cage
doors could have forced them open. It is felt that the airmen were
working in this area at the time of the fire as these doors were open
and as the work tools carried in from the lock were adjacent to these

open doors. It was also adjacent to the refuse that had been removed
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from under some of the rabbit cages. We believe that one of the airmen
accidentally stepped on the lamp cord, fractured the insulation and
shorted it to the aluminum floor plate. Figure 20 is a picture of that
cord and Figure 21 is a largely magnified view of the same cord showing
bits of molten copper. There was a very noticeable electrical arc at that
point. Figure 22 is another view of the same wire not quite so magnified
but with the insulation stripped off. There is still another bit of molten
material that was covered by the insulation. Laboratory experimentation
was performed to try and confirm the fact that arcing could have caused
a fire like this. Figure 23 shows the results of an electrical arc which
had épproximately one-tenth of a second duration. Figure 24 shows

a wire which has experienced a oné-half second arc. From these it
appears that the arc on the wire in question lasted between one-tenth
and one-half second. In none of these cases was the fuse that protected
the circuit blown nor was the circuit breaker tripped. We calculated
that there could have been at least 1300 joules of energy produced at
this arc. Figure 25 depicts the non-skid aluminum floor plate. It is
very difficult to see, but there is a residue and a small hole burned in
the floor. Figure 26 is from the arcing experimentation that has been
described. An analysis of the residue and the material inside the

small burned area showed traces of copper and silver and some

potassium, calcium and chloride. The wire was copper and silver.

29



Figure 20

Lamp Cord with Abraded Teflon
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Figure 21 Magnified View of Lamp Cord
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Figure 25 Burn Area in Floor Plate from Chamber

Figure 26 Burn Area in Floor Plate from Experiment
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The heel on the boot or the wire insulation contributed the other
materials. The analysis and the physical looks of the wire and
floor plate in question and the wires and floor plate used in the
laboratory are essen_tially identical.

Let me summarize. In reconstructing the events it is felt that
this was a very short fire, that from the time of the first rumbling,
so to speak, inside until the crew chief had declared the fire,
summoned the medical officer and initiated the emergency dump
valves, only eighteen seconds and perhaps as little as sixteen
seconds elapsed. We believe that from the time the fire was first
recognized outside (that is when the crew chief actually went around
and saw the fire inside the chamber) until the emergency procedures
had been performed, the chamber was back at ground level, two
medical officers were on hand and the door was opened, between
31 to 33 seconds elapsed. The most probable cause of the fire was
the electrical arcing from the Teflon insulated electrical wire. The
other possible causes, a combustible atmosphere and the secondary
fire in the air conditioning duct, have been discussed. As far as
recommendations are concerned, they are rather specific. Maximum
attempts should be made toremove flammable. materials from this
sort of experimental environment. Ignition sources should be

minimized. Safety monitoring and procedures as well as maintenance,
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monitoring and operating the facility need to be reviewed with regard
to each particular experiment. There should be an automatic fire
extinguishing system installed in chambers which use oxygen enriched
atmospheres. The emergency and escape procedures should be reviewed
and applied to each particular experiment. For example, when the
base emergency response units--the dispensary, the fire department
and the security police--may be expected to respond in case of an
emergency, it is a joint responsibility for these agencies and the
experimenters to keep each other informed. There was an extremely
fast response to this particular fire by the fire department. The fire
department was on the scene in two minutes from the time that the

fire was first declared. The Director of Base Medical Services with
his emergency medical equipment was also at the scene in slightly
over two minutes, approximately two and a half minutes. There were
two physicians available to give medical treatment immediately upon
opening the chamber door.

There is a follow-on board which was established by our next
higher headquarters, the Air Force Systems Command, which will
keep most of the same group that investigated this accident in
session so that the development of procedures, protective clothing,
fire extinguishing and fire detection systems can be implemented

and expedited. There has been a great deal of activity and we have

37



had active participation from our associates in the National Aeronautics

and Space Administration. NASA has taken the lead in developing

protective clothing. The Aerospace Medical Division has been

carrying on some parallel developments and information has been

exchanged on these items as well as on fire extinguishing systems.
This is, in summary, the results of the Accident Investigation

Board.
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FIRE PROTECTION FOR OXYGEN ENRICHED ATMOSPHERE APPLICATIONS

Mr B. P. Botteri
Fuels, Lubrication and Hazards Branch
Air Force Aero Propulsion Laboratory
Wright-Patterson Air Force Base Ohio

INTRODUCTION

The increased fire hazard in oxygen enriched atmospheres has been
recognized in a qualitative sense for many years. (Ref 1, 2, 3). The
recent Apollo and Two Man Space Environment Simulator fire tragedies
have rémoved all speculation concerning the actual severity of the fire
problem in these atmospheres. A concerted national effort has evolved
to establish materials, methods and techniques to significantly minimize
the likelihood of fire initiation and enhance the opportunity for personnel
survival in the event of fire in future oxygen enriched atmosphere (OEA)
applications (hypobaric and hyperbaric). The general approach to
effective fire protection for OEA applications is no different from that
normally followed in air. The essential factors include a strong emphasis
on fire prevention supplemented as appropriate by fire detection and fire
extinguishment and control capabilities. With regard to the normal
terrestrial environment, although experience with the fire problem has
been extensive, the achievement of effective fire protection in many
instances is still inadequate as evidenced by the considerable fire

losses and associated fatalities which are experienced each year. By
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comparison, our experience with the fire problem in OEA is in its

infancy and the depth of technical knowledge to yield a formula for

effective fire protection is not as well established. It is the purpose

of the discussion which follows to briefly review the effects of OEA's

on fire initiation, propagation and extinguishment and to provide

basic guidelines for achievement of effective fire protection. Specific

factors which must be considered include the variable composition and .
pressure of OEA, the variety of combustible materials which may be

encountered, the confined space (closed environment) conditions

under which fires will occur, and the fact that these closed environments v
will be occupied by varying number of personnel.

FIRE INITIATION

Ignition Mechanisms - Flames involve strongly exothermic reactions

between gases and vapors resulting in the generation of high temperature
combustion products accompanied by light emission, under confinement,

such as with oxygen enriched closed environment applications, the

occurrence of flame can also result in sudden increases in pressure.

Temperature, radiation and pressure are the criteria utilized to determine

whether ignition has occurred. The initiation mechanisms involved in

the flame reaction are complex and not too well understood. In general, "
if a fuel and oxygen molecule are to react, sufficient energy must be

imparted to these molecules to enable a collision between the two to
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result in a chemical transformation. For a particular reaction system
the minimum energy which the molecules must possess to permit
chemical interaction is normally referred to as the energy of activation.
For many fuel-oxygen combinations at room temperature the activation
energy is much greater than the average energy of the molecules. An
increase in temperature increases the number of molecules in the
activated state and the reaction rate increases. As the temperature is
further increased, eventually enough fuel and oxygen molecules react
and sufficient additional thermal energy is released to enable the
combustion reaction to become self-sustaining until the one or the
other, or both of the reactants have essentially been consumed. Regard-
less of whether the combustible material is a solid, liquid, or gas,
initiation of the flame reaction occurs in the gas or vapor phase.
Depending on the type of ignition source, the specific chemical nature
and physical character of the combustible, and the composition and
pressure of the atmosphere, the minimum initiation energy for flame
will vary.

The initiation sources of principal concern for oxygen enriched
atmosphere applications can be categorized into three types. These

types include electrical sources such as electrostatic and break (arc)

sparks; hot surfaces, such as friction sparks and heated wires; and

heated gases, independent of surfaces generated by adiabatic
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compression or jets of hot gas (includes pilot flames).

Effects of Atmosphere Composition and Environment Pressure and

Temperature on Ignition Energy - The flame initiation energies for various

combustibles (solids, liquids and gases) in environments of differing

chemical composition, temperature and pressure are not amenable to

calculation from existing scientific knowledge, but must be determined

in each case by actual experimental evaluation. It is possible, how-

ever, to assess in a qualitative sense the effects of these environment

parameters on the ignition energy requirements by typical electrical

and thermal ignition sources. Figure 1, in an oversimplified manner,

depicts the most likely effects of variations in oxygen concentration %
and pressure on ignition energy requirements. In general, at a given
pressure the minimum ignition energy varies inversely with the change

in the volume percent of oxygen. For a fixed volume percent oxygen
content the minimum ignition varies inversely with the change in pressure.
Depending on the particular combustible, there exists a minimum

oxygen concentration and a minimum pressure below which ignition,

from a practical standpoint, is not possible. An increase in environ-
ment temperature reduces the minimum electrical spark ignition energy
requirements and enhances the possibility of auto-ignition. Typical
minimum spark ignition energies for hydrocarbon fuels, combustible

powders, and fabrics in 15 psia air and oxygen atmospheres are
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Fig.1 MINIMUM IGNITION ENERGY BEHAVIOR OF
COMBUSTIBLES IN OXYGEN-DILUENT ATMOSPHERES
AT DIFFERENT PRESSURES
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indicated in Table I. There are a number of combustibles that do not
adhere to the above ignition energy behavior patterns. It should be
further noted that even for a given series of combustible atmosphere
combinations there does not necessarily exist a regular pattern with
respect to ease of flame initiation with different ignition sources.
For example, a hydrocarbon-oxygen mixture is more susceptible to
ignition by an electrical spark than the corresponding hydrocarbon-
air mixture, but the two mixtures may exhibit the same autogenous
ignition temperature when introduced into a heated vessel.

Effect of Inert Gas on Ignition - The likelihood of ignition of a

combustible is primarily influenced by the oxygen content of the
environment. An inert gas such as nitrogen or helium essentially
provides a physical obstacle to the effective interaction of a fuel and
oxygen molecule. For inert gases to have a pronounced effect on
ignition energy they must be present in relatively high concentrations.
If sufficient inert gas is added to the environment (adequate oxygen
dilution), it is possible to render the atmosphere incapable of supporting
combustion. Unfortunately, the addition of sufficient inert gas for this
purpose would also result in an atmosphere which is not suitable for
human survival and/or effective activity. The specific effect on
ignition energy requirements by the typical ignition sources will

vary with the particular inert gas selected. These effects in certain
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TABLE 1

MINIMUM SPARK IGNITION ENERGY FOR VARIOUS

COMBUSTIBLES IN 15 PSIA AIR AND OXYGEN ATMOSPHERES

SPARK ENERGY, mj

COMBUSTIBLE AIR OXYGEN

. Flammable Gas (Propane) 0.25 0.001

. Powders (Dust) 0
Fabric (Cotton) 800 800
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instances correlate with the heat capacity and thermal conductivity
properties of the different inert diluents.

Static Spark Generation by Personnel - The ignition of flammable

gases and other combustible materials by static sparks generated by
personnel under conditions prevailing in hospital operating rooms and
oxygen tents has received considerable study by Guest and Plano

(Ref 4, 5). The results of these investigations provide a good basis
for assessing the likelihood of fire initiation by static sparks in other
oxygen enriched atmospheres. Plano estimated maximum values of
capacitance and potential likely to be encountered in oxygen tents as
100 micromicrofarads and 20 kilovolts respectively, with a resulting
maximum spark energy of 20 millijoules. In Guest's survey of hospital
operating rooms, charge potential or voltage observed on a single
person engaged in various activities did not exceed 4 kilovolts, and
the average capacitance in 22 tests was 204 micromicrofarads. This
combination results in an electrostatic charge energy of 1.63 milli-
joules for the single person. The results of tests to evaluate the
susceptibility of various fabric materials to ignition by single sparks
and repetitive sparking of various energy in air and 100% oxygen are
summarized in Table 2. In general, static sparks likely to be generated
by personnel can possess sufficient energy to ignite combustible gases

and powders in air as well as 100% oxygen. These sparks, however,
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provide a very low probability for ignition of solid materials such as
cotton and nylon. Appropriate procedures should be followed, never-
theless, to minimize the likelihood of static spark generation from
personnel and equipment.

COMBUSTION

Combustion Mechanisms - Combustion is a chemical reaction

between a fuel and an oxidant. The velocity of a chemical reaction
is often called the reaction rate. As with other types of chemical
reactions, the rapidity (reaction rate) of the combustion process is
dependent on the chemical nature and physical character of the fuel
and oxidant, their relative concentration, pressure and temperature,
and other physical parameters such as chamber configuration and
ventilation. The combustion processes involved with various types
of fuel with air and other oxygen enriched atmospheres is a complex
and extensive subject the comprehensive discussion of which is beyond
the scope of this report. However, it is important to review the
essential fundamental features of the combustion process to obtain a
better appreciation of the fire hazard problem under various oxygen
enriched atmospheres, closed environment applications. For this
purpose the various combustible materials of concern can bé& divided
into two principal categories, the first consisting of combustible

liquids, vapors and gases and the second all combustible solids.
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Combustible Gases, Vapors and Liquids - In the discussion of

ignition mechanisms it was indicated that for ignition to be possible
an adequate fuel concentration must be available in the particular
oxidizing atmosphere. Once ignition does occur, the sustainment

of combustion requires a continued supply of fuel and oxidant. In the
case of combustible gases, vapors and liquids two general types of
mixing, homogeneous or heterogeneous, can occur within the atmo-
sphere.

a. Homogeneous Systems - A homogeneous mixture is one in

which the combustible and oxidant are intimately and uniformly combined
so that any small volume sample of the environment is truly representative
of the remainder of the environment. In the case of oxygen enriched
atmospheres, homogeneous mixtures are only possible with combustible
gases and vapors. A flammable, homogeneous mixture is one whose
composition lies between the limits of flammability of the combustible

gas or vapor in the particular atmosphere at a specified temperature and

pressure. The limits of flammability represent the extreme concentration

limits of a combustible in an oxidant through which a flame, once
initiated, will continue to propagate at the specified temperature and
pressure. For example, hydrogen-air mixtures will propagate flame
between 4.0 and 74 volume percent hydrogen at 70°F and atmospheric

pressure. The smaller value is the lower (lean) limit and the larger
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value is the upper (rich) limit of flammability.

When the mixture temperature is increased the flammability range
widens (See Figure 2). A decrease in temperature can result in a
previously flammable mixture becoming nonflammable by placing it
either above or below the limits of flammability for the specific
environment conditions; a reduction of temperature canalso result in
condensation of fuel and thereby altering the flammability picture. It
will be noted in Figure 2 that a minimum temperature exists for each
fuel below which sufficient vapor is not released to form a flammable
vapor-air mixture at the specific environment pressure. This minimum
temperature is referred to as the Flash Point. The Flash Point temperature =
for a combustible varies directly with environment pressure.

An increase in atmosphere oxygen concentration also widens the
flammability range, the upper limit being affected much more than the
lower limit. For example, in a 100% oxygen atmosphere at 70°F and
14.7 psia, the upper limit for hydrogen increases to 95 volume percent
compared to 74 percent in air while the lean limit remains essentially
the same. A reduction in atmosphere oxygen concentration results in a
narrowing of the flammability range until at a certain oxygen concentration
the limits merge and flame propagation is no longer possible. Reduction
of the oxygen content below this minimum value is one means of effecting

fire control. In practice carbon dioxide or nitrogen are utilized for this
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purpose. The extent of oxygen 'dilution varies with the particular diluent
gas selected.

Total environment pressure also has an effect on the limits of
flammability. An increase in pressure broadens the flammability range,
the rich limit being influenced more than the lean limit. For example the
flammability limits for natural gas-air mixtures at 500 psig are 4.45 and
44,20 volume percent compared to 4.50 and 14.20 volume percent at
normal atmospheric pressure. A decrease in environment pressure
below 14.7 psia produces little effect on the limits of flammability

until the low pressure limit is reached. The low pressure limit is

dependent on the particular fuel and oxidant as well as the size,
geometry and attitude of the confining vessel. A flammable mixture
will propagate through a cylindrical vessel only if the diameter of the
vessel is greater than the quenching (low pressure) limit for the mixture
at the particular pressure. As the pressure is reduced the size of the
vessel must be increased. The quenching limit for a hydrocarbon-air
mixture at room temperature and atmospheric pressure is approximately
0.1 inches, compared to approximately 1 inch at 1 psia. The oxygen
content of the environment has a significant effect on the quenching
limit. For example, the quenching distance for hydrocarbon-oxygen 4
mixtures at atmospheric pressure is approximately 0.01 inches or one-

tenth that of hydrocarbon-air mixtures. The quenching distances
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exhibited by different fuel-oxidant mixtures are utilized in the design
of flame arresters. The design of effective flame arresters for oxygen
enriched atmosphere applications is very difficult because of the very
small quenching distances involved.

b. Heterogeneous Combustible-Oxidant Systems - Under practical

application conditions the fire problem usually involves heterogeneous
rather than homogeneous combustible-oxidant mixtures. The heterogeneity
can include single as well as multiphase systems. The first pertains to
gaseous fuel-oxidant mixtures and is heterogeneous in view of the con-
centration gradients which normally exist when the combustible vapor is
first introduced into the oxidizing atmosphere. The second type of
heterogeneous system is formed when a liquid fuel is injected into the
oxygen containing atmosphere. These systems are also illustrated in
Figure 2. In the case of the single phase heterogeneous system, both
flammable and nonflammable mixtures are formed at temperatures above
the Flash Point. The flammable zones exhibit ignition and burning
characteristics similar to flammable homogeneous mixtures. Flammable
heterogeneous vapor-mist-oxidant mixtures can be formed at temperatures
below the Flash Point; flammable sprays can be produced over a wide
temperature range both below and above the Flash Point. Ignition of a
flammable mist or spray requires vaporization of the fuel droplets to

form flammable heterogeneous single phase mixtures: as a result the
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ignition energies for these mixtures are higher than those of flammable
single phase mixtures.

For most practical cases, the type of flame which is encountered
is referred to as a diffusion flame and requires the diffusion of both
oxidant and fuel to the flame front. Diffusion flames represent a
special case of flame propagation in heterogeneous systems. The rate
of burning is primarily dependent on the rate at which the fuel and
oxidant are brought together. Increasing the oxidant content such as
in oxygen enriched atmosphere applications results in a significant
increase in burning rate.

Combustible Solids - Once a particular solid combustible has been

ignited, propagation of flame requires that a portion of the heat of

combustion be fed back to the solid fuel to cause its vaporization and/or

pyrolysis thereby making additional gaseous fuel available to mix with

the oxidant. The flame process is of the diffusion type. Although flam-

mable dust-oxidant and combustible gas-oxidant mixtures are experienced

in normal terrestrial earth atmosphere environments, it is assumed that

extra special precautions will be taken to preclude even the remote

possibility of combustible dust or gas mixtures ever existing in closed

environment applications. Accordingly, the fire hazard in the latter .
type applications will, to a large extent, be associated with common

materials such as those utilized in garments, bedding and electrical
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wiring. In oxygen enriched atmospheres man must also be considered
a combustible. Although it is not possible to predict the burning
behavior of a given material in atmospheres of different composition
and pressure without actual experimentation, the general effects of
these parameters on flame propagation is amenable to qualitative
discussion. The rate of flame propagation over the surface of a solid

combustible, referred to as the Flame Spread Rate is a property used to

evaluate the fire hazard in different oxygen enriched atmospheres. The
observed effects of atmosphere composition and pressure on this fire
property is illustrated in Figure 3. In general, increasing the partial
pressure of oxygen can change the classification of a material from the
nonflammable to the flammable category. For materials in the flammable
category, further increase in the oxygen partial pressure results in a
higher flame spread rate. The specific diluent gas utilized also
influences the flame spread rate. For example, the flame spread rate
for a given material in a particular helium-oxygen atmosphere is greater
than that in a corresponding nitrogen-oxygen atmosphere because of the
higher thermal conductivity of helium.

Effects of Fire in Oxygen Enriched Atmospheres - Thus far we have

seen that compared to the normal air atmosphere, oxygen enriched atmo-
spheres facilitate the initiation of the combustion process and once

ignition has occurred, the flame reaction proceeds with greater rapidity.
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Another important consideration in the analysis of the overall fire

problem is the fact that oxygen enriched atmospheres will primarily

be confronted under closed environment (fixed volume) conditions

such as in hypobaric and hyperbaric chambers. As a consequence,

the combustion of a relatively small quantity of solid combustible

can result in the rapid generation of extremely high temperatures

and increased pressure. The high temperature may also result in

the spontaneous ignition of other combustibles some distance from

the initial reaction zone thereby contributing to the rapid spread of

the fire. The high temperatures and toxic combustion products which

are generated are in themselves potentially lethal to any personnel

in the environment even if these personnel are not themselves engulfed

in flames. The increased pressure produced in association with the

flame process can also result in the explosive rupture of the chamber.
The effects of oxygen content and pressure on the quantity of fuel

which can be consumed and the resulting maximum theoretical temperatures

and pressures that can be attained in air and several other typical oxygen

enriched atmospheres in a 360 cubic feet chamber are indicated in Table 3.

The maximum temperatures and pressures in this Table are recognized to

be much higher than those that would be experienced under true closed

environment fire conditions. The specific values listed were calculated

with the assumptions that (1) combustion of the fuel is instantaneous,
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(2) none of the heat generated is lost to the walls of the chamber, and
(3) no dissociation of the product gases occurs. Solid combustibles
such as fabric materials burn rapidly in 100% oxygen but consumption
of the stoichiometric amount of material would require several seconds,
allowing a considerable fraction of the thermal energy generated to be
absorbed by the walls.

Experiments were recently conducted by this laboratory to evaluate
the pressure rise associated with the combustion of cotton coverall
material in a 1.6 cubic foot explosion test chamber. Tests were
conducted in 100% oxygen at different pressures with stoichiometric fuel
loading and a geometrical arrangement likely to maximize the flame
spread rate. Several seconds after ignition peak pressures corresponding
to approximately 20% of the theoretical maximum pressure rise indicated
for cellulose in Table 3 were obtained.

Figure 4 depicts the typical pressure profiles associated with the
combustion of stoichiometric hydrocarbon gas mixtures in air and oxygen
compared to that observed with cotton under closed vessel conditions.
Under appropriate vessel length/diameter ratios ignition of hydrocarbon-
oxygen gas mixtures can result in detonation and considerably higher
peak pressures. The combustion pressure profile exhibited by cotton is
very likely typical of that which was experienced in the Apollo fire and

resulted in rupture of the capsule.
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FIRE DETECTION

Because of the rapidity of fire development in oxygen enriched
atmospheres and the consequent extreme hazard to personnel, it is
essential that reliable detection techniques capable of initiating
meaningful fire extinguishment or other emergency action be adopted
as a mandatory protection requirement. Detectors for this application
should provide volume surveillance and permit early and rapid
detection of incipient combustion as well as flame. Table 4 indicates
the various types of detectors currently available for industrial and
military aircraft fire protection. In general, these detectors rely
upon either the temperature rise, radiation emission or combustion
products associated with the flame process for activation. Certain
of these detectors such as the overheat or rate of temperature rise
detectors are not acceptable for this OEA application because of their
inherent slow response time and limited volume coverage. Flame
radiation (UV and IR) sensors and smoke detectors in combination
appear to be ideally suited for this application.

FIRE EXTINGUISHMENT AND CONTROL

Although stringent requirements must be imposed to limit the type,
quantity, and placement of materials used in oxygen enriched atmo-
spheres to minimize the likelihood of fire occurrence, it will be virtually

impossible to eliminate all combustible materials. Accordingly, strong
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consideration must be given to the inclusion of an effective fire
-extinguishment capability for additional protection of personnel. The
incorporation of suitable fire extinguishing systems in ground facilities
would not entail any limitations in the use of these facilities for their
original intended purpose. In the case of space vehicle systems,
however, where weight is a very serious consideration, the incorporation
of a fire extinguishing system may not be so easily tolerated.

General Theory of Fire Extinguishment - Fire extinguishment is

accomplished by physical or a combination of physical and chemical
éctions. These actions involve four basic types of mechanisms. First
the combustible mate;‘ial can be cooled to a temperature below that
required for ignition or the evolution of flammable vapors. The second
mechanism involves smothering the fire by reducing the oxygen or fuel
concentration tp a level that will not support combustion. A third
mechanism involves the separating of fuel from oxidizer either by
removing one or by mechanically separating the two. This is the
major mechanism of mechanical protein foam on jet fuel fires and is
often referred to as "blanketing" action. The final mechanism involves
chemical interference or inhibition of the reactions occurring in the
flame front or just before the flame front.

Fire Extinguishing System Selection Criteria for USAF OEA Chamber

Applications - The incorporation of an effective fire extinguishing system

63



capability in Air Force OEA chambers was considered to be an essential
requirement for meaningful personnel protection in future chamber
operations. Stringent procedures will be implemented to preclude the
existence of flammable liquids, gases and dusts in the chamber
environment. Accordingly, the following initial criteria were utilized
for immediate system selection for full-scale fire test evaluations:

a. The fire extinguishing agent must be effective on Class "A"
fires (solid materials) in OEA with principal emphasis on protection of
personnel.

b. The extinguishing agent should provide a minimum toxic hazard. ?

c. The system should incorporate an essentially instantaneous
fire detection capability and provide for sufficient agent discharge
through the chamber volume in less than 2 seconds.

d. The fire extinguishing system should be state-of-the-art to
permit immediate incorporation in OEA chambers.

It was further recognized that longer term research on fire extin-
guishing agents and overall system design may be required to yield
improved extinguishing systems for OEA applications.

Selection of Extinguishing Agents - A number of different types of

extinguishing agents were considered for use in OEA. These agents are »
indicated in Table 5. Agents such as nitrogen and carbon dioxide which

depend primarily on the dilution of the oxygen content to a level which
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no longer will support combustion were eliminated from consideration
for 100 percent oxygen applications because of poor effectiveness.
This is shown in Figure 5.

Although foam type extinguishing agents may eventually offer
promise for chamber application, their effectiveness on Class A fires
in OEA had not been established and their immediate availability in
an extinguishing system capable of meeting the desired reaction time
was questionable.

Dry chemical extinguishing agents were also considered. The
effectiveness of these agents in 100% oxygen was not established.
Although these agents should provide rapid suppression of flame and
excellent radiation shielding when initially discharged, the permanency
of the fire extinguishment action was doubtful.

Accordingly, water and CF3Br were selected for immediate evaluation.
The effectiveness of water had been demonstrated for OEA in studies
conducted by the RAF Institute of Aviation Medicine and systems
meeting the desired performance goals were state-of-the-art. CF3Br
was also known to be effective for Class "A" fires in 100% oxygen if
discharged in sufficient quantity. The agent in the unpyrolyzed
condition is relatively nontoxic. It was further considered that the
use of CF3Br in an extinguishing system providing for automatic,

rapid and adequate agent discharge at the initial indication of fire would
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limit any agent pyrolysis to a level which would be tolerable for
personnel. Extinguishing systems utilizing this agent are also
state-of-the-art.

Discussion of the toxicity of CF3Br and the results of full-scale
fire tests in OEA with the water and CF3Br fire extinguishing systems
will be covered in other papers at this conference.

SUMMARY AND CONCLUSIONS

Effective fire protection is achievable in oxygen enriched atmo-
spheres. Specific requirements toward the realization of this goal
include:

a. Elimination of ignition sources.

b. Minimization of combustibles with the complete exclusion of
flammable liquids and gases.

c. If combustible materials must be employed, the type, quantity
and arrangement in the chambers must be carefully controlled.

d. Fire walls and other containment techniques should be
utilized to isolate potential high risk fire zones.

e. A fixed fire extinguishing system should be utilized which
incorporates automatic initiation by flame and smoke detectors as
well as manual initiation and provides rapid (< 2 seconds) and sufficient

agent discharge.
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FIRE EXTINGUISHMENT AND PROTECTIVE CLOTHING EVALUATIONS
Captain Donald I. Carter
Bioenvironmental Engineer
Directorate of Research & Development
Aerospace Medical Division
Brooks Air Force Base Texas
This paper will describe the work which the Aerospace Medical
Division has accomplished in fire extinguishment and protective
clothing subsequent to the fire in the Two Man Space Environment
Simulator at Brooks AFB on 31 January 1967. The basic objective of
this work was to evaluate "off-the-shelf" equipment which, if it
performed satisfactorily, could be installed in existing chambers to
minimize the amount of time the chambers would be out of commission.
It is recognized that further development work should be done to
evolve more effective protective clothing and fire extinguishing
systems. This paper will be divided into three sections--fire
extinguishment in a hypobaric environment, fire extinguishment in

a hyperbaric environment, and protective clothing evaluations.

Fire Extinguishment in a Hypobaric Environment

Subsequent to completion of the studies which Mr Botteri has
described, systems were fabricated to test the two extinguishing
agents which showed the most potential, i.e., water and Freon 1301
(CF3Br). The objectives were to (1) determine the relative effective-

ness of ultraviolet, infrared, and various smoke detectors; (2) ascertain
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the relative advantages and disadvantages of water and Freon 1301 as
extinguishing agents in oxygen enriched atmospheres; and (3) assure
that the sensing systems and the extinguishing systems could be
integrated with an electronic firing circuit to provide reliable func-
tioning in these atmospheres.

The chamber used in these investigations was the same chamber
in which the fire occurred at Brooks AFB on 31 January. It is elliptical
in shape, 2.4 meters by 1.5 meters (8 ft x 5 ft) on its major and minor
axes, with a floor plate approximately 0.6 meters (2 ft) from the
bottom of the major axis and divided into two cells--an air lock 1.8
meters (6 ft) in length and the main test cell 3.7 meters (12 ft) in
length. The extinguishing tests were accomplished in the larger of
the two cells. See Figure 1.

The environment within the chamber for these tests was greater
than 98% oxygen at 258, 380 and 600 mm Hg for a total of three tests
of the Freon 1301 extinguishing system and a total of three tests of
the water extinguishing system. (See Figures 2 and 3 .) The Freon
was applied to achieve an end concentration of approximately 45-50%
by volume and the water was applied at 30.6 ml/cm2 (7.5 gallons per
square foot) of floor area per minute. The test sequence for these
two extinguishing agents initiated at 258 mm Hg (considered the

least hazardous) and progressed to 600 mm Hg (considered the most
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Fig. 2 Inside Test Chamber
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Fia. 3 Inside Test Chamber - West End at Door to Interlock Section
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hazardous) which was the highest pressure which could be attained
within the chamber without a‘ir penetrating the seal across the chamber
door. The test fire in all cases was started by an electrical heater
(initiated external to the chamber) heating match heads which ignited
and spread the fire to a Kleenex placed over the heater and then to
approximately 900 gms of untreated cotton twill uniform material.
(See Figure 4.) All detectors were electronically tied into a firing
circuit which would automatically trigger the extinguishing agent
being tested. The signals from each of the detectors as well as
from the Freon system and the water system were recorded on a
Visicorder for time reference purposes. High speed motion picture
films were taken during the fire and extinguishment. Still photographs
were taken prior to the fire and subsequent to the fire in each experi-
ment. (See Figures 5 and 6.)

The data from these experiments are summarized in Reference 2.
Pertinent abstracts of this report are contained in Tables 1, 2 and 3.

The following can be concluded from this testing. The ultraviolet
detectors provided the most rapid detection due to the nature of the
test fires. The ultraviolet detectors would be less susceptible than
other light sensitive detectors to false alarms from extraneous light
sources. Smoke detectors of the ionization or light transmission
types should not be discounted as it may be possible for an impending
fire to emit smoke prior to an open flame. Consideration should be
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Fig. 5 Typical Pre-Fire Conditions, Hypobaric Chamber
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Fig. 6 Typical Conditions After Water Spray Fire Test’
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TABLE 1. TIME HISTORY - VISICORDER RECORDS

Test No 1 - Air - 740 mm

Seconds
No Extinguishing Planned
Pyrotronics No 1 6.625
Fenwal UV 6.774

Test No 2 - Freon 1301 - 260 mm

Seconds
Fenwal UV 4.278
Automatic UV 4.312
Shock Signal 4.293
Pyrotronics No 3 4.755
Pyrotronics No 4 4.928

Test No 3 - Freon 1301 - 380 mm

Seconds
Fenwal UV 2.996
Automatic UV 3.012
Shock Signal 3015
Pyrotronics No 3 3.670
Pyrotronics No 4 4.608
Pyrotronics No 1 4.614

Test No 4 - Freon 1301 - 650 mm

Seconds

System went off prematurely
during countdown.

Test No 5 - Freon 1301 - 600 mm

Seconds
Fenwal UV Signal 3.285
Shock Signal 3.315
Pyrotronics No 3 3785
Pyrotronics No 1 4.590

Test No 6 - Water - 260 mm

Seconds
Automatic UV Tripped 17.673
Water Starts 17.840
Water Equilibrium* 18.230
Pyrotronics No 3 19.846
Pyrotronics No 2 20.100

Test No 7 - Water - 380 mm

Seconds
Automatic UV Tripped 6.483
Water Starts 6.600
Water Equilibrium 7+100

Test No 8 - Water - 600 mm

Seconds
Automatic UV Tripped 3.542
Water Starts 3.650
Water Equilibrium 4.070
Pyrotronics No 3 5.065

Pyrotronics No 1 - Flame Detector with Infrared Cell
Pyrotronics No 2 - Smoke Detector - Refractive Beam
Pyrotronics No 3 - Smoke Detector - Model F35A - Variable Sensitivity
Pyrotronics No 4 - Smoke Detector - Model F5B - Semifixed Sensitivity

*A pressure transducer was installed on the water supply just outside
the chamber. Equilibrium was defined as the point when steady state
flow appeared to have been established.



TABLE 2.

LOSS OF WEIGHT OF CLOTH IN TEST FIRE

Test Original Weight Final Weight
No Conditions (Gram) (Gram) Loss Percent
1 Ambient -——- -——- -—— -—-
2 Freon - 260 mm 929 885 44 4.8
3 Freon - 380 mm 823 816 7 0.9
4 Freon - Misfire -—- -— - -——-
5 Freon - 600 mm 826 830 0 0
6 Water - 260 mm 986 922 64 65
7 Water - 380 mm 966 027 39 4.1
8 Water - 600 mm 970 916 54 5.6
TABLE 3. TIME INFORMATION FROM HIGH-SPEED CAMERA
Test No 2 205 ms from initiation of flame to start of discharge 200 fr/sec
25 ms from start of discharge to loss of vision
Test No 3 180 ms from initiation of flame to start of discharge
25 ms from start of discharge to loss of view
Test No 5 200 ms from initiation of flame to start of discharge
25 ms from start of discharge to loss of view
Test No © 200 ms from initiation of flame to start of discharge
50 ms to reach full flow
150 ms apparent extinguishment
Test No 7 725 ms from initiation of flame to start of discharge
55 ms to reach full flow
820 ms apparent extinguishment
Test No 8 588 ms from initiation of flame to start of discharge
54 ms to reach full flow
2 sec apparent extinguishment
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given to the location of the smoke detectors in relation to the normal
air currents and to the possibility of false alarms from moisture
condensation during normal altitude fluctuations within the chamber.
Both the Freon and water performed satisfactory fire extinguishment
within a reasonable period of time. The advantages and disadvantages
of the two systems can be summarized as follows: The water system
requires a suitable water source which can meet quantity requirements.
This may or may not require additional water supply lines and pumping.
The water lines to the chamber would occupy some volume and if the
distribution system is internal to the chamber would decrease the
available usable volume within the chamber. If the water distribution
system is mounted external to the chamber, a hole must be cut into the
chamber for each nozzle. This could be quite expensive and could
lead to undesirable air leaks into the chamber. Once the water

system is discharged all electrical power in the chamber should be
discontinued to prevent shorting and electrical shocks to personnel
within the chamber. The extinguishing agent is inexpensive. The
advantages of the Freon system include its relatively small volume
requirements, its ability to extinguish fires behind "shielded" areas
and the rapidity with which the fires are extinguished. The Freon Sys-
tem is built around the reliability of the detection system and the rapidity

of agent application. A delayed application f the extinguishing agent
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would produce toxic pyrolysis products if the fire had a "head start."
The toxicity of the unpyrolyzed Freon 1301 in the quantities required
is currently being investigated. The noise and blast associated with
the release of the extinguishing agent can be solved by engineering
design.

Fire Extinguishment in Hyperbaric Environment

Due to the decrease in ignition temperature and increase in burning
rate of various materials in the hyperbaric environment, a series of
tests were performed to develop a fire extinguishing system for use in
this environment. Knowledge gained in the tests in the hypobaric
chamber served as a base line for these tests. These tests first P
involved Freon 1301 and then water.

The chamber used in these tests is a cylindrical vessel approximately
3 meters (9.75 ft) in diameter divided into two test cells, each of which
is approximately 3.1 meters (10 ft) in length and has a free volume of
approximately 23 cubic meters (800 cu ft). Three 10 liter spheres
were mounted approximately 0.6 meters (2 ft) from the floor of one of
the test cells with the discharge directed toward the center of the test
cell. (See Figure 7.) These spheres were electronically connected to
ultraviolet detectors and a firing circuit which automatically discharged
the Freon upon sensing a fire. Internal chamber oxygen concentration

and temperature fluctuations were normally as follows: The oxygen
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Fig. 7 Typical Pre-Fire Conditions, Hyperbaric Chamber




concentration was 20.8% by volume prior to discharge of the Freon 1301

and approximately 18% by volume subsequent to Freon discharge. The

quantity of Freon discharged was calculated to be between 5.5% and

6.6% by volume for all tests other than the third test on 3 May. The

chamber internal temperature was ambient (approximately 23-24°C)

prior to initiating compression. During compression the temperature

rose to approximately 48-5 0°C, however, chamber ventilation -
immediately upon achieving the test depth decreased the temperature

to approximately 30°C. Upon discharge of the Freon, the temperature
decreased to approximately 15°C and then rose slowly. The temperature
further decreased to approximately 0-5°C during decompression
depending upon the rate of decompression. The decompression
schedules followed with animals in the chamber were the standard
diving charts established by the US Navy. The eight Freon 1301 tests
conducted in the hyperbaric chamber will be described in chronological
order.

The first test, on 20 April, was performed at six atmospheres air
with @ manual activation of the Freon release to determine the effects
of the Freon on four monkeys, two dogs and six rats. The animals
reacted as expected to the noise of compression, i.e., the monkeys
and dogs demonstrated anxiety and some of the rats went into audio-

genic seizure. Subsequent to Freon release (the end concentration
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was calculated to be 6.6% by volume at six atmospheres) the animals
appeared normal. The animals were exposed for approximately five
minutes prior to the chamber being ventilated. Upon initiation of
decompression one of the dogs appeared to go into seizure. This
may have been due to the exposure to Freon or to the stresses
associated with decompression, i.e., bends, noise, etc. Post
exposure examination of the animals revealed no adverse effects.
This data tends to conflict with Reference 3 which indicates that
short duration (5 minutes) animal (dog) exposures to Freon 1301 in
one atmosphere air at concentrations of 5 and 10% by volume followed
by the intravenous injection of adrenalin produced irregular heart
action. It is assumed that the adrenalin level in the test animals

in the hyperbaric chamber was high due to the stresses associated
with the Freon discharge. Previous animal exposures (albino rats)

to Freon 1301 in one atmosphere air at concentrations of 83.4% by
volume revealed that the animals could tolerate the exposure for 15
minutes without adverse effects. (Reference 4) It should be noted
that Refereﬁce 3 indicates that short duration (3 minutes) human expo-
sures to Freon 1301 in air at concentrations of 7-10% by volume
produced a subjective sensation described as a narcotic effect
similar to that produced in the first stage of a general anesthesia.

The second test, on 20 April, was performed at 5 atmospheres
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air with an automatic release of Freon. The purpose of this test was
to determine the efficiency of the fire extinguishing system in air at
this pressure. One ultraviolet detector was used to sense the fire
which was initiated in the same manner as those in the hypobaric
chamber on an untreated cotton uniform. The time delay between
visible fire and Freon discharge was longer than had been experienced
in the hypobaric chamber, however, this could have been due either
to the flame being shielded from the detector or to an increase in UV
absorption in the hyperbaric environment. The fire was satisfactorily
extinguished (see Figure 8). This test was duplicated on 2 May in

5 atmospheres air and again on 2 May in 6 atmospheres air. The
results were similar in each case. These tests pointed out several
deficiencies of the system as it was installed. The detection system
needed improvement, the dynamic forces created on discharge of the
Freon were excessive when directed toward the occupied area, a
possibility of injury due to debris from the burst diaphragm (the
mechanism of Freon release involved overpressurizing a copper
diaphragm) and the loss of vision due to the "fogging" associated
with the Freon release into the chamber. In an attempt to estimate
the magnitude of the dynamic charges associated with Freon discharge,
an additional test was performed on 2 May. The test item was a 57 kg

(125 pounds) anthropomorphic dummy seated in a chair centered in
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Fig. 8 Typical Post-Fire Conditions after Freon Extinguishment




the chamber. The environment within the chamber was two atmospheres
air with an end concentration of approxim ately 15% by volume Freon.

The dummy was dislocated as shown in Figures 9 and 10. See Table 4.
Subsequent to these tests it was decided to install a "second generation"
Freon system in this chamber in an attempt to design out these adverse
effects.

Three additional tests with Freon 1301 in the hyperbaric chamber
were performed on 17 and 18 May. The purpose of these tests was to
(1) determine the effects of directing the Freon discharge away from
the normally occupied area, (2) determine the effects on animals of
long duration exposures to the Freon 1301 and (3) determine whether
or not a second fire could be ignited with the Freon in the chamber.
These tests are described in Reference 2. In the first of these tests
the discharge nozzles on the three Freon spheres were pointed so as
to discharge parallel to the walls of the chamber and consequently
not out into the normally occupied area. This altered direction of
discharge did not appear to have an adverse effect on the efficiency
of fire extinguishment. Approximately 30 minutes subsequent to the
fire and Freon discharge a second ignition was attempted on a different
cotton uniform which was suspended approximately S feet from the
floor. Although the ignition source in the second attempt was

identical to that in the first attempt, there was no flame. Some
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Fig. 9 Position of Dummy Prior to Freon Discharge
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Fig. 10 Position of Dummy after Freon Discharge
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smoke did evolve, however. In the second test, on 17 May, two
monkeys and ten rats were placed in six atmospheres air and the
Freon discharge nozzles were pointed into the walls. A cotton
uniform was ignited. The chamber was not ventilated subsequent

to Freon discharge and the ascent time was approximately 30
minutes. The fire was satisfactorily extinguished, however, there
was a small amount of Freon pyrolysis products. The animals
suffered some minor delayed pulmonary edema. There was no
apparent narcosis or decompression sickness associated with the
exposure or the ascent. The third of these tests, on 18 May, was
performed in the same manner as the second, however, the ascent
time was approximately twelve hours. In addition a second ignition
was attempted some six hours after the first ignition. The first fire
was satisfactorily extinguished, the second fire did not ignite; there
were some pyrolysis products and some of the animals suffered minor
delayed pulmonary edema. Again there was no apparent narcosis or
decompression sickness. In summary, the discharge directed into
the walls of the chamber (180° from the normally occupied area) had
no affect on the efficiency of fire extinguishment, however, visibility
subsequent to Freon discharge was enhanced. A second fire would
not start with the Freon in the chamber. Some of the test animals

demonstrated respiratory irritation from the pyrolysis products,
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however, the degree of irritation was not severe and all the animals
survived.
To ascertain the effects of increased atmospheric pressures on
the discharge patterns of a water spray nozzle, a series of tests were
performed on 24 May 1967. These tests which are reported in
Reference 5 demonstrated that the degree of dispersion of the water
from a spray cone diminishes considerably as the chamber atmospheric
pressure increases even though the water static and dynamic pressure
differentials (water line to chamber) remain the same. This data was
used in the preliminary design of a water extinguishing system for
this chamber which at this date (15 August 1967) has not been installed.
In summary, a Freon system can be designed which will efficiently
extinguish fires in a hyperbaric environment. There are some questions
which remain unanswered, however, regarding the human toxicity of
Freon 1301 in the concentrations required. The pyrolysis products
could pose a problem if the chamber is unventilated or if the chamber
is not equipped with supplied air respirators. Potential problems of
dynamic forces, debris from the burst diaphragm and noise can be
eliminated in the design. If a water system is used consideration
must be given to provide a pressurized water source or perhaps a
booster pump to provide the designed pressure differential. Additionally,

one must consider the decrease in the water spray pattern at higher
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chamber pressures.

Protective Clothing Investigations

The purpose of the protective clothing investigations was to deter-
mine the qualitative degree of protection from fires provided by various
*Beta cloth uniforms. Preliminary literature reviews and small scale
testing indicated that fiberglass cloth would be the most noncombustible
fabric. These uniform tests were performed in the same hypobaric
chamber which was used in the fire extinguishment evaluations. In
all tests a newly sacrificed unshaven pig of approximately 52-57 'Kg
(115-125 pounds) was placed in the uniform to be tested and suspended
by its forelegs from the top of the chamber. A fire was then initiated
on a cotton uniform adjacent to the clothed pig in the manner previously
described. All uniform tests were performed in greater than 98%
oxygen at 380 mm Hg. The installed water extinguishing system
was manually activated on command at the discretion of the test
director. The uniform tests were performed at approximately 25°C.

The first uniform tested was a woven 35 x 24 threads per centi-

meter (90 x 60 threads per inch), single piece beta cloth uniform

*Owens-Corning Fiberglas Corporation trademark. Beta yarn is

composed of glass B-filaments (0.00014 inches in diameter).
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fabricated to resemble a normal work coverall. The cotton material
which was burned was hung vertically approximately 30 cm (12 inches)
from the test uniform. Open flame was visible for approximately

7 seconds prior to initiating the water extinguishing system for a 10
second flow. The emergency dump valves on the chamber were
opened so as to repressurize the chamber immediately after the

water started flowing. In this test the fire did not propagate to the
test uniform or to the animal, consequently, the test uniform was not
damaged and the animal suffered no thermal injury. The fire which
had been initiated on the cotton material was extinguished at the

end of the 10 second flow. The immediate dump did not appear to
have any effect on the efficiency of extinguishment.

The second uniform test used the same beta cloth uniform, however,
the cotton material on which the fire was ignited was positioned so that
it touched the test uniform at the lower buttocks and at the back of
the head. Approximately 13 cm (5 inches) separated the cotton
uniform from the test uniform at the maximum separation distance.

See Figure 11. Open flame was visible for approximately 11.5 seconds
prior to activation of the water extinguishing system for a 10 second
flow. Again the emergency dump valves were opened immediately

after the water flow initiated. In this test the flames from the cotton

material melted parts of the test uniform and ignited the hair on the
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Fig. 11 Pig in Woven Beta Cloth Uniform Prior to Fire
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pig under the uniform. The fire on the pig's surface then propagated
around the pig and under the test uniform where the test uniform did
not fit tight. The water extinguishing system did not stop this propa-
gation under the uniform as the water could not penetrate the tightly
woven beta cloth. In fact, the hair on the pig's body under the test
uniform continued to burn at the end of the 10 second water flow.

See Figures 12, 13 and 14.

A test of a knitted fiberglass uniform was performed on 6 June.
This fabric had much more porosity than the uniform used in the previous
tests and was constructed in a tight fitting two piece style similar to
long underwear. Two different knits (one much more open than the
other) were used in this test. The test fire was positioned and
ignited in the same manner as in the second uniform test. Open flame
was visible for approximately 7.5 seconds prior to initiation of the
water extinguishing system. The fire appeared much more intense
than the second uniform test fire and engulfed the entire back of the
test animal. The flames melted the test uniform up the back of the
test animal and the animal suffered second and third degree burns
where the flames melted through. The fire did not propagate around
the surface of the test animal under either of the knits other than at
the buttocks where the uniform did not fit tight. See Figures 15 thru

18. This may have been due to either the tight fitting uniform or the
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Fig. 12 Pig in Woven Beta Cloth Uniform after Fire
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Fig 13. Back View of Pig with Uniform Removed




14 Side View of Pig with Uniform Removed
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Fig. 15 Pig in Knitted Beta Cloth Uniform Prior to Fire
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Fig. 16 Pig in Knitted Beta Cloth Uniform after Fire
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Fig. 17 Back View of Pig with Uniform Removed
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Fig 18 Side View of Pig with Uniform Removed
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ability of the fire extinguishing agent to penetrate the test uniform
or a combination of the two.

From these uniform tests it appears that the most effective uniform
design would be a knitted tight fitting noncombustible uniform which
would offer protection from the fire and which would not be excessively
hot during normal usage.
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TOXICITY OF FREON 1301
Dr A. A. Thomas
Director, Toxic Hazards Division
6570 Aerospace Medical Research Laboratories
Wright-Patterson Air Force Base Ohio
The paper title should be the Toxicity of the Pyrolysis Products
of Freon 1301. By a happy coincidence this work was done last
year by Aerojet-General Corporation who is our inhouse contractor

in the Toxic Hazards Research Unit. The work was done by

Mr Ed Vernot so I will ask him to present a portion of the paper.
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INHALATION TOXICITY AND CHEMISTRY OF PYROLYSIS PRODUCTS
OF BROMOTRIFLUOROMETHANE

Mr E. H. Vernot
Aerojet-General Corporation
Toxic Hazards Research Unit
Overlook Branch
PO Box 3067
Dayton Ohio 45431

Introduction

Monobromotrifluoromethane (CBrF3) holds great interest as a fire
extinguishing material because of its effectiveness at reasonably low
concentrations, its volatility and its low toxicity. Engibus and
Torkelson (1960) reported the LC50,/15 minutes for the pure material
to be 834,000 ppm or 83.4%. At this concentration, the animals die
of asphyxiation, so it may be assumed that CBrF3 is essentially non-
toxic in short term exposures. In the high temperature of a flame,
however, extensive decomposition and rearrangement of the
extinguishing chemical occurs leading to the formation of materials
much more toxic than the parent. Since previous work (Engibus and
Torkelson) had shown that CBrF3 should be completely decomposed
at 800°C, this temperature was chosen for pyrolysis of the material.
Figure 1 illustrates the extent of CBrF3 decomposition at various

temperatures.

Materials and Methods

Longley inhalation exposure chambers were used in this series
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of experiments and have been described elsewhere, J. D. MacEwen
(1965). Groups of 10 rats each were exposed in these chambers to
varying concentrations of pyrolyzed CBrF3. The CBrF3 was pyrolyzed
in the flame of a modified flame photometer analyzer burner. The
inner capillary of the burner was removed, the oxygen and CBrFj
premixed and the mixture delivered through the channel formed by
removal of the capillary. Hydrogen was passed through the burner in
the normal manner. The hydrogen-oxygen ratio was adjusted to giye
the desired flame temperature of 800°C as measured by a chromel-
alumel thermocouple.

The exposure time was kept constant at fifteen minutes and
the concentration of CBrF3 varied from 3500 to 8000 ppm. Since
percent pyrolysis (calculated from CBrF3 analyses before and during
pyrolysis) averaged 55%, the animals were exposed to the pyrolysis
products of 1700 to 4500 ppm CBrF3.

Results and Discussion

Figure 2 is a plot of the log of pyrolyzed CBrF3 concentration
versus percent mortality on a probability scale. Classical toxicology
predicts a straight line for this plot, and Figure 2 exhibits good
linear behavior. The concentration equivalent to 50% mortality or
LCsg50 is seen to be 2300 ppm. That is to say that 2300 ppm of

CBrF3, 100% pyrolyzed as outlined in this experiment, would, if
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run a statistically sufficient number of times, cause half of rats
exposed for fifteen minutes to die. The material was not completely
pyrolyzed in these experiments, probably because the residence
time in the atomizer burner was less than a second. Table 1 shows
that animals surviving exposure did suffer some loss in weight in
succeeding days. After fourteen days, when all the animals were
sacrificed, they had begun torecover, and their appearance was
normal.

Two earlier investigations into the approximately lethal concen-
tration (ALC) of pyrolyzed CBrF3 at fifteen minutes had been made.
Workers at the Army Chemical Center, C. C.Comstock, et al (1950),
pyrolyzed CBrF3 vapors by passing them through an iron pipe at 800°C
for one second. University of Cincinnati investigators used an
inconel pipe at 1090°C, F. J. Treon, et al (1957). Table 2 compares
the results obtained in these studies with ours. Both Comstock, et al
and Treon, et al used approximate lethal concentrations or ALC |5 minute
values as measures of toxicity, and, as can be seen, agreement
between the values reported from their laboratories is fairly good.

The ALC value is a measure of the concentration of contaminant
sufficient to kill all experimental animals (in this case rats) during
or after fifteen minutes exposure. If our experimental mortality

values in Figure 2 are extrapolated to 99% to give an estimate of
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TABLE 1

Mean Weights of Rats Surviving Exposure to the

Pyrolysis Products of CBrF3

Exposure Day Post Exposure Number

ppm as CBrFj 0 3 7 14 of Rats

1700 235 208 220 230 10 1
1850* 196 144 hd 201 5
1950 224 185 197 211 5
2100 182 151 150 178 5
2270% 193 179 191 217 6
2300 205 nd 184 207 5
2751 189 172 178 207 4
3075 201 160 164 164 4
3250 208 156 163 216 4
3780 220 198 183 216 1
4475 201 258 164 203 1

*Material meeting military specification MIL-B-4394-B.
Other data are from material meeting MIL-B-12218-A.
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the ALC for CBrF3, we find it to be 8000 ppm. This concentration
represents pyrolyzed CBrFj3, not total CBrF3 concentration
(pyrolyzed and unpyrolyzed) in the exposure chamber. To compare
our values with the earlier results, we must convert them to total
CBrF3 concentrations. Since our pyrolysis averaged 55%, our
experiments indicate an ALC5( /15 minutes ©f 14,500 ppm, a value
that compares well with earlier ones.

It might appear at first, to be surprising that all three investi-
gations showed approximately the same toxicity for pyrolyzed CBrF3,
since the methods of pyrolysis were so different. However, the
attainment of an 800°C flame temperature restricted our hydrogen
to oxygen ratio to about 3 to 1 which meant there was a 50% excess
of hydrogen in the flame over that necessary to combine with oxygen.
We obtained, therefore, essentially reducing conditions in the
flame, corresponding to the previous investigations which were also
run under non-oxidizing conditions.

This excess hydrogen available for combination with CBrF3
breakdown products is reflected in the analysis of the pyrolysis
products as shown in Table 3. HF represents the highest concentra-
tion of materials obtained from degradation. At the LCg value of
pyrolyzed CBrFj3 (2300 ppm), 2480 ppm of HF was formed. This

agrees well with the LC50 /15 minute value of 2700 ppm HF reported
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by Carson, et al (1961) for rats. It appears, therefore, that the
toxicity of CBrF3, pyrolyzed as in our experiments, can be explained
satisfactorily on the basis of the HF formed.

Only a minor amount of the pyrolyzed CBrFj3 could be accounted
for by chemical analysis - 35% of the available fluorine as HF and
30.5% of the available bromine, 7.5% as HBr and 23% as Brp. No
satisfactory explanation for poor bromine recovery has been -
accomplished, but some interesting results were obtained with
respect to fluorine upon mass spectrometric examination of the
chamber atmosphere during exposure. Much the strongest peak <
obtained was at mass number 85, equivalent to an -OCF3 fragment.
The highest mass number peak obtained was at m/e 282. A molecule
of that molecular weight and containing -OCF3 groups is
CF30CH2CH(OCF3)2. Without assigning a great deal of confidence
to the latter formulation, it is possible that oxygen is replacing the
bromine in CBrFj3 with subsequent condensation of the fragments to
give fluorinated, oxygenated hydrocarbons. One would expect these
to have a low toxicity compared to HF.

One expression of caution is in order in applying both toxicolog-
ical and chemical results obtained here to 100% oxygen fires. As has
been noted, all work done thus far has pyrolyzed CBrF3 under essentially

non-oxidizing conditions. The products obtained by pyrolysis in an
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oxygen rich flame, and their toxicity, may be very different from
those obtained in the past.
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