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ABSTRACT

Fires and explosions were, and continue to be, among the greatest threats to the safety of
personnel and the survivability of military aircraft both in peacetime and during combat
operations. Production of halon 1301 (CF;Br), long the fire suppressant of choice, ceased as of
January 1, 1994 due to its high ozone depleting potential (ODP). By 1997, the U.S. Department
of Defense (DoD) had identified the best available replacement for halon 1301 in aircraft, HFC-
125 (C,HsF), but it requires two to three times the mass and storage volume and contributes to
global warming. Meanwhile, new aircraft were in various stages of design, and the international
community was questioning the necessity of maintaining the large reserves of halon 1301.

A new undertaking, the Next Generation Fire Suppression Technology Program (NGP), was
created to identify, through research, fire suppression technologies with reduced compromises.
Supported primarily by the DoD Strategic Environmental Research and Development Program
(SERDP) as Project WP-1059, the NGP goal was to “Develop and demonstrate technology for
economically feasible, environmentally acceptable and user-safe processes, techniques, and
fluids that meet the operational requirements currently satisfied by halon 1301 systems in
aircraft.” The multiple demands on the new technologies were daunting.

In its decade of systematic research (1997-2006), the NGP revitalized the field of fire
suppression science. This book tells the story of how the NGP came about, what research was
performed, how it modernized the thinking in the field, and the technical findings that emerged
related to fire suppression in aircraft. The enclosed CD compiles the collected publications from
the program.
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1.1  BACKGROUND

In its decade of research (1997-2006), the United States Department of Defense’s Next Generation Fire
Suppression Technology Program (NGP) revitalized the field of fire suppression science. The NGP arose
as a result of a discovery that garnered the Nobel Prize for two accomplished chemists and legislation that
turned science into public policy. This book tells the story of how the NGP came about, what research
was performed, how it modernized the thinking in the field, and the technical findings that emerged
related to fire suppression in aircraft.

1.2 THE EVOLUTION OF FIRE SUPPRESSION

The ability to control fire is universally and exclusively human. The history of that controlled use is also
the history of civilization." While individuals likely recognized the first principles of fire control, it was
the rise of organized societies that led to structured activities and, later, products to mitigate the unwanted
outcomes of fires. Now, the application of chemicals, manually and by mechanical devices, to control
fires has become a mainstay of modern society. In particular, the development of the use of fire
suppressant chemicals has a rich history.”

There is geologic evidence of fires as far back as there is evidence of vegetation on this planet, about 350
million years ago. The fires were started by frequent natural events, lightning strikes and volcanoes, and
this was still the case when the first hominids appeared, some 3 million to 5 million years ago.

In the earliest years, small nomadic groups of these pre-humans observed the nature of fire. While they
could see its destructive power, they soon recognized its benefits as well. They saw that animals ran from
it, and thus it became a tool for trapping food. They found that animals and nuts that had been exposed to
the flames were easier to eat. They enjoyed the radiant warmth from the fire on cold nights. They no
doubt observed that rain made the fires stop, and some might have even noticed that there were few fires
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following a rainstorm. By about 400,000 years ago, the sparse nomadic clusters of homo erectus had
learned how to “capture” fire and use it for their own purposes, both domestic and martial. Since the
initial source of this benefactor occurred only episodically, they spent considerable effort to keep the fire
from going out. A few burns and the occasional loss of a temporary dwelling was a small price to pay for
its continuous availability.

The number of humans and their standards of living accelerated about 20,000 to 30,000 years ago, toward
the end of the last glacial age. Over the next 10,000 years, the ability to use fire for clearing land for
agriculture and capturing livestock engendered the rise of towns. Further amenities became available as
fire was used to bake clay pots (about 20,000 years ago) and later (about 7000 years ago) to work with
metal. It would be time for the appearance of codes to preserve these more permanent communities.

The first written records, about 5,000 years ago in Mesopotamia, made little mention of fire.! It is thus
presumed that there was little concern for its use or misuse. Perhaps this was because all members of a
family were well versed in the art of using fire, preserving it, and regenerating it when needed. It is
noteworthy that there were two types of words for fire: one for intentional fires, another for dangerous
ones. However, the hazard of a house fire was not regarded as paramount. Buildings were small and
generally constructed of stone or mud brick, since these materials were readily available. With the small
number of people and the ready availability of land, the dwellings were not tightly spaced. If a fire
started, the interior wood framing (if any), the thatched roof, and the contents were lost, since there was
little water available to quench the flames. Attempts to protect neighboring houses depended on wet
cloths and a limited number of buckets of water. People had long since learned the use of firebreaks for
clearing land intentionally, and these were used to contain fire spread in the residential clusters. The
Code of Hammurabi (about 1780 BC), a collection of rules for everyday life that also reflected the serious
crimes of the era, had no mention of fire prevention or arson. However, theft of goods during a fire was
punishable by death in that fire. The first mention of an arson penalty (full reparation) appears in the laws
of the Hittites, some 100 years to 600 years later, but there was still no text on controlling fires. In short,
destruction by fire was not the most severe threat facing these early communities, and their only weapon
against it, water, was not plentiful on short notice.

The citizens of Rome appear to have had the first formal building code for fire safety, and the Roman
penchant for engineering provided a supply of water to attack fires." The code required that houses could
not be built too high, separations of at least 2} feet, and means of escape. Tenants were often required to
have a bucket of water in their flats, and intentional fires within those flats were often forbidden.
Nonetheless, over 40 large conflagrations were recorded between 31 BC and 410 AD, including the
famous fire in 64 AD during which the emperor Nero supposedly fiddled while one third of the city was
destroyed. The city of Rome also had an official fire brigade and, because it was unable to cope with its
charge, several private brigades arose as well. These featured intensive patrols to catch fires early and
bucket brigades with access to the city’s superb aqueduct system. Of course, virtually none of this existed
in the Empire outside of the capital city.

Pre-industrial Europe continued to have numerous major urban conflagrations even past the Middle Ages
(e.g., London, 1212; Venice, 1514; London, again, 1666; Rennes, 1720).1 Most urban construction was
now of wood and clay, which were cheaper than stone and brick. This was the era when the latter began
to connote wealth, in large part due to the ability of the rich to afford fire safety. Buckets of water were
still the only major means for stopping fire spread. In urban areas, legal measures were often instituted to
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bolster this limited capability. In the event of a fire, people were to leave the building and sound the
alarm immediately; there were severe fines for removing their possessions first.

In the rural areas, fire control reflected an earlier time. The crime of arson, resulting from a grudge or as
a threat to extort money, was considered second only to murder in severity and was punished accordingly.

An enabling breakthrough in fire suppression came in the late 17" century, with the invention by Jan van
der Heyden of Holland of the rollable fire hose. In 1725, Richard Newsham of London patented an
improved pump design that could take advantage of van der Heyden’s hoses. Soon a variety of hand
pumps were devised to move water (still the suppressant of choice) efficiently from a city reservoir to the
fire. During the Industrial Revolution in the mid-nineteenth century, these pumps became combustion-
powered.

Nonetheless, for the remainder of that century, large city fires continued to be a problem (e.g., Hamburg,
1842; Newcastle, 1854; Chicago, 1871; Boston, 1872). Life loss was significant, as city population
densities rose and the buildings became taller, wider, and more densely situated. The San Francisco fire
of 1906 was the “last” of the major urban conflagrations. This diminution is attributed to the rise of brick,
concrete and steel for urban construction, the spreading of residences (e.g., detached houses with yards),
and general adoption of improved fire fighting technology and procedures. Water continued to be the
only suppressant.

The scientific and technologic revelations of the 18" and 19" centuries led to new capabilities for the
control of fires. In particular, James Watt’s invention of the steam engine in 1769 led to two major
innovations. In 1812, William Congreve received a patent for a steam-driven, perforated pipe water
distribution system. In the middle of the century, the fusible link and self-opening valve were added,
making the system fully automatic. In 1852, Moses Latta produced the first steam-powered, self-
propelled fire engine, and the first commercially successful ones followed in 1867. Now there were ways
to bring water, still the predominant suppressant, to the fire. It thus became possible to react in time to
save a complex commercial or residential structure and many of the people within. The installation of the
first automatic sprinklers in the U.S. and England in the late 19" century began bringing the water directly
into the building.> This provided faster response and further containment of the fire damage. What
remained was the development of technology to assure the safety of the contents.

1.3 THE RISE OF THE HALONS

Just after the turn of the 20™ century, another scientific advance stimulated just this capability. The prior
years had produced breakthroughs in the understanding of the electrical behavior of solutions. Now, a
process for the electrolysis of salt water enabled a large supply of inexpensive chlorine. This was used to
make carbon tetrachloride (CCly), which soon came into use as a fire suppressant.

CCly, was the first clean agent; that is, unlike water, it caused no damage to a building or its contents and
left no residue itself. It was also the first halon, halon 104 (see below). Like water, it was what is now
called a streaming agent, i.e., it was squirted at the fire or was thrown at the fire in frangible containers,
called grenades. However, concerns soon arose about its toxic effects on firefighters and others at the fire
scene. The chemical had briefly seen use as an anesthetic, a practice that stopped when it was found that
the difference between the amount which produced unconsciousness and that which produced death was
small.* There was also an awareness of interaction with the large amounts of alcohol that firefighters
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consumed often before, during, and after their efforts at the fire scene. Nonetheless, the use of carbon
tetrachloride continued through World War II, in which it was used extensively.’

By this time, the chemical similarities of the elements within a column in the periodic table were well
known, and soon the neighboring halogen, bromine, was also considered as a possible component of fire
suppressant compounds. Methyl bromide (halon 1001) appeared in the 1930s in the U.S., but did not find
much acceptance, since it was found to be more toxic than CCl,. The Germans developed and used
chlorobromomethane (halon 1011) as their clean suppressant of choice during World War II. It was more
efficient than halon 104, and after the war it found broad use elsewhere.’

Recognition of the need to consider agent toxicity was another milestone in the evolution of fire
suppression technology. The drawbacks of water had been operational in nature, e.g., mechanical hurdles
to overcome in its bulk transport to the fire, damage to building contents. Now the suppressant itself
would need to be examined for its possible effects on fire fighters and building occupants. Clearly, the
value system of this era appreciated the benefits of these new halogenated agents in protecting property
and people. Some selection from among the effective halocarbons was in order, and toxicity was the new
criterion on the list.

In 1948, the U.S. Army commissioned the Purdue Research Foundation to search for a suppressant of
high fire suppression efficiency but low toxicity.” The Army coined the term “halon,” short for
halogenated hydrocarbon, and devised the naming system that shows the numbers of the types of atoms in
the molecule in the order: carbon, fluorine, chlorine, bromine, iodine (terminal zeroes dropped). During
the 1960s and 1970s, two of the compounds tested emerged as commercial successes. Halon 1301
(CF;Br) found widespread use as a total flooding agent; i.e., it dispersed throughout a space, quenching
flames regardless of location. (To a lesser extent, halon 2402 (C,F,Br,) was used in this capacity, mainly
in the Soviet Union and Italy.) Halon 1211 (CF,CIBr) became the predominant streaming agent.

As the use of these chemicals increased, there were additional research, testing, and assessments
performed, for example:

o In the 1960s and 1970s, extensive engineering studies developed information needed to
design systems for implementation of the halons.

e In 1966, the National Fire Protection Association established the Halogenated Fire
Extinguishing Agent Systems Committee. In 1973, NFPA issued Standard 12A for halon
1301 systems and Standard 12B for halon 1211 systems. Much of the data to support these
standards came from research and testing conducted at industrial laboratories, such as Factory
Mutual, ICI, and DuPont.>’

e In the 1970s, research at the U.S. Bureau of Mines® was directed at obtaining a better
understanding of the mechanisms of halon 1301 that could guide its use as a suppressant for
methane explosions in mines. At the U.S. Naval Research Laboratory’, related fundamental
research on halon 1301 was sponsored by the Naval Air Systems Command as part of a
search for a more efficient extinguishing agent for in-flight fires.

e In 1972, the U.S. National Academy of Sciences held a Symposium to examine the state of
knowledge on the toxicity and engineering applications of the halons.'” The purpose was to
provide "an up-to-date basis for intelligent selection of which, if any, of the halogenated
agents should be used in a given set of circumstances." A summary of that symposium
indicated that the halons were effective fire extinguishment agents, with the degree of
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effectiveness depending greatly on the application. There was an awareness of toxicological
risks from exposure to both the halons themselves and their decomposition products that were
formed during the application of the chemical to the fire.

e In 1975, a symposium was held to examine the basic processes occurring in flames inhibited
by the halons, leading to the inference of the mechanisms of flame suppression. "’

Halon 1301 had turned out to be very efficient at quenching fires, as shown in Table 1-1. Because of the
small amount needed, because it did no harm if deployed accidentally, and because it could put fires out
before any significant damage occurred, halon 1301 systems were increasingly installed to protect
contents of special value and spaces in which storage weight and volume were at a premium. By the
1980s, most computer rooms, nearly all commercial and military aircraft, and numerous museums were
protected by these halon systems. As a footnote, their acceptance signaled the end of the use of CCl, as a
fire suppressant, a prophetic result, as it was later determined that carbon tetrachloride was a carcinogen.

Table 1-1. Flame Suppression by Halon 1301 and Other Chemicals (volume %).

Flame/Fire Halon 1301 HFC-227 ea Carbon Dioxide
Small diffusion flame 3.1" 6.6 " 21"
Pool Fire (10 s extinguishment) 4 82 --
Wood 3.0° 58" -
Fiberglass/polyester resin 357 -- --

1.4 THE ATMOSPHERIC THREAT

In 1974, F. Sherwood Rowland and Mario Molina published a paper showing that certain chlorinated
compounds (chlorofluorocarbons, or CFCs), while playing beneficial roles as, e.g., coolants and solvents,
posed a threat to the global environment. These compounds had long lifetimes in the earth's lower
atmosphere, or troposphere. Eventually, they would rise to the stratosphere, where they were readily
photodissociated by short wavelength ultraviolet (UV) light. There, the chlorine atoms aggressively
catalyzed the conversion of ozone, which absorbed solar UV light and protected the earth's flora and
fauna from excessive UV radiation, to ordinary oxygen, which provided no such protection. Unchecked,
this could result in major changes in life on the planet.”” Subsequent atmospheric measurements and
modeling showed that the threat was real. Rowland and Molina were awarded the Nobel Prize in
Chemistry in 1995.

The nations of the world moved toward an international agreement to protect the environment, the
Montreal Protocol on Substances That Deplete the Ozone Layer.'® As the agreement was being forged, it
was realized that some brominated compounds were potentially even more dangerous than their
chlorinated cousins,'” and the halons (with the name mistakenly used to mean only brominated and
chlorinated perhalocarbons) were named explicitly. Their production was curtailed sharply in
amendments to the U.S. Clean Air Act of 1990. As of January 1, 1994, under the 1992 Copenhagen
Amendments to the Montreal Protocol, halon 1301 was banned from production, except in certain
developing countries and countries whose economies were in transition.

The dense and growing population had been informed of a threat on a global scale, and the nations of the
world had clearly decided that fire safety must be weighed against other cultural values. For the fire
safety community, this was a new paradigm. The prior bounds on saving lives, property and the
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community had generally been local: budgets limitations, interferences with other social amenities, etc.
Now, the protection of the planet as a whole took priority over local safety, which presumably could be
provided in some other manner.

Even as the search for alternative fire suppressants was underway, usage was declining markedly. Major
releases of the halons were from firefighting training, fire extinguishment system testing, and leakage
from the storage containers. By the early 1990s, alternatives for training and testing had been identified.
There were also approaches to fire protection that did not rely on clean agents, e.g., a number of facilities
converted to automatic sprinklers. In some cases, fire suppression became unnecessary. For instance,
with small and inexpensive computers able to do much of the work previously done by large mainframe
units, it was less costly to back up the computer than to provide fire protection.

Halon 1301's exceptional performance and success over the years had resulted in minimal research into
alternatives for fire suppression. After a period of bewilderment, denial, and indecision following the
1987 Montreal Protocol, manufacturers and users of the halons began searching for safe replacements and
alternatives. The early solutions were identified during the quest for replacement refrigerants, a far larger
commercial market. Some of these, such as the hydrochlorofluorocarbons (HCFCs) were ozone depleters
themselves and were soon generally disregarded as fire suppressants. An early brominated compound,
CHF,Br (halon 1201), was found to have a fire suppression efficiency comparable to halon 1301, but
even though its ODP value was far lower than that of halon 1301, it was above that permitted by the U.S.
Clean Air Act. For a variety of applications, chemical manufacturers began increased production of
hydrofluorocarbons, or HFCs, which had no bromine or chlorine atoms and thus zero ozone depletion
potential (ODP) values."'® These were far less effective fire suppressants, but appeared to have no harmful
atmospheric effects. Other commercial products included mixtures of inert gases, also less efficient
suppressants, and blends of halocarbons.

The U.S. Department of Defense (DoD) had come to rely heavily on halon 1301 systems, in particular,
for fire protection in its numerous ground, sea, and air systems, as shown in Table 1-2."

These uses encompass a wide range of fire conditions. The locations vary in size, shape, function, and
whether or not they are populated. The fuels are solids, vapors, and liquids; the latter burning as pool
fires or sprays. The required time for suppression ranges from hundredths of a second to tens of seconds.
In some cases, the agent must be "clean" and in others, not. The hazards to be avoided include harm to
people, thermal damage to equipment, post-fire corrosion, loss of visibility, and overpressure. Finding a
"one-size-fits-all" fire suppression approach to replace halon 1301 was highly improbable.

I The ozone depletion potential of a gas is defined as the change in total ozone per unit mass emission of the gas, relative to the
change in total ozone per unit emission of CFC-11 (CFCly).
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Table 1-2. Use of Halon 1301 in Fielded Weapons Systems.

Army Navy Air Force

Ground Crew compartments Crew compartments
Armored Engine compartments Engine compartments
Vehicles
Shipboard Maritime craft Propulsion machinery

Flammable liquid storerooms

Fuel pump rooms

Emergency generator rooms
Aircraft Engine nacelles Engine nacelles Engine nacelles

APU compartments Dry bays Dry bays
Fuel tanks Fuel tanks
Crew compartments Weapon bays
Cargo bays

Facilities Communications shelters General facilities General facilities
Hand-held Air/ground/maritime Multiple uses
Extinguishers

The U.S. Department of Defense was, and continues to be, committed to reducing its dependence on
halon 1301 and made great strides in this direction by eliminating non-essential uses, totally revamping
its fire suppression system testing, certification, and recycling procedures, and replacing halon systems
with alternative technologies where possible. Nonetheless, there remained some applications where no
substitute chemical or system was judged satisfactory, and several others where the identified alternatives
were saddled with serious deficiencies. One of these applications was for military aircraft, which were
particularly vulnerable to fire during combat and also needed in-flight fire protection during routine
missions, a need shared by the commercial fleet. Further research would be needed to identify effective
alternate fire suppression technologies.

The DoD delineated its policy on halon replacement research early in 1989.2° The Directive stated that:

e DoD Components "... shall conduct R&D to identify or develop alternate processes,
chemicals, or techniques for functions currently being met by CFCs and halons;"

o The Director, Defense Research and Engineering (DDR&E) "... shall coordinate R&D
programs, as appropriate, on alternative chemicals or technologies for fire and explosion
suppression and, if necessary, other CFCs;" and

e The Military Departments and Defense Agencies "... shall conduct R&D programs, as
needed, to support mission requirements, with emphasis on substitutes for halons."

From 1993 to 1998, the DoD conducted a major program on ozone-depleting substances (ODSs), the
Technology Development Program (TDP). It focused on the identification of near-term, environmentally
friendly, and user-safe alternative fluids, developed by industry, that were either readily available or could
enter commercial production in the near future. The TDP research was successful in identifying
replacements for the non-firefighting ODSs.

However, despite the examination of a wide range of chemicals in the laboratory and at real scale, none of
the available alternatives offered all the needed properties of halon 1301. The best available replacement
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chemicals were two HFCs: C,FsH (HFC-125) onboard aircraft and C;F;H (HFC-227ea) for shipboard
use.”! These were substantially less efficient fire suppressants and thus required two to three times the
mass and storage volume relative to halon 1301. This would severely compromise their implementation,
given the tight weight and space limitations. In addition, their use would result in a post-deployment
atmosphere containing appreciable concentrations of acid gases, that was not suitable for human
occupancy, and that could chemically attack metals, synthetic materials, and electronics. Nonetheless,
some engineering was conducted to adapt the use of these chemicals for some platforms. One alternative
approach that showed some promise was the use of solid propellant fire extinguishers. Similar to the
units developed for automobile airbags, these systems rapidly generated large quantities of inert gases.
They were considered for use in aircraft dry bays, where people would not be exposed to the resulting

sub-habitable oxygen levels.

At the then-current state of the technology, the DoD was faced with three options, each with significant
and undesirable trade-off considerations. The use of dissimilar fluids required costly re-engineering of
both the fire suppression system and the host weapon system. The vintaging of fielded weapon systems
required indefinite dependence on a substance that was no longer in production and which was subject to
future environmental regulations. The abandonment of fire protection altogether was not feasible, since
personnel safety and weapon systems survivability are high DoD priorities. Recognition of these
limitations led to a decision to formulate a successive research program focused on improved options for
fire suppression in fielded weapons systems.

However, even before replacements for the CFCs and halons could be implemented, an additional threat
to the global environment was identified. Since the middle of the 20™ century, there had been concern
that anthropogenic carbon dioxide was increasing in the lower atmosphere. Its increasing absorption of
infrared radiation from the planet surface and re-radiation back to that surface would lead to warming of
the earth. The term “greenhouse gas” was created, and it was soon realized that most of the replacements
for clean fire suppressants fell into this category.”” This added yet another constraint to the search for the
successors to the halons.

As an interim measure, the DoD (among other organizations and governments in about 20 countries™)
had created "banks" of halons 1301 and 1211 as a means of continuing protection during the search for
alternatives. In 2000, the systems and banks were estimated to contain about 90 million pounds of halon
1301 and about 300 million pounds of halon 1211. It was estimated that the emission rate from fixed
systems was about 2 % of the banks' capacity per year, and the rate from portable extinguishers was about
4 % of the banks' capacity per year.”* It is these banks from which supplies are still drawn as the halons
are deployed in theaters of conflict.

The security of such banks, however, is not assured. The few essential uses for ODSs allowed by
international agreement were conditional on continued efforts to find environmentally benign alternatives.
Furthermore, in 1994, the United Nations Environmental Program (UNEP) announced that just after the
turn of the century, the mass of chlorine and bromine (and the accompanying ozone depletion) in the
stratosphere would have peaked and would begin to diminish.”> Their report also identified four principal
actions that would speed this decrease. The second most effective of these was the non-release of all
halons currently in existing equipment. This was a clear signal to the fire protection community that the
world was watching the effort to identify and implement alternatives to the halons and that an accelerated
phase-out was a clear possibility. In related activity, research was underway to develop processes for the
economical conversion of the halogenated hydrocarbons into other useful chemicals.
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At the time of publication of this book, the global average ozone depletion has stabilized. The ozone
layer is now expected to begin to recover in the coming decades. **

1.5 HISTORY OF THE NGP

To ensure the safety and mission capability of U.S. forces and to preclude any long-term halon use
restriction impacts, a new DoD technology program was formulated.”® The Next Generation Fire
Suppression Technology Strategy Program (NGP) had as its goal:

"to develop and demonstrate, by 2004, retrofitable, economically
feasible, environmentally acceptable, and user-safe processes,
techniques, and fluids that meet the operational requirements currently
satisfied by halon 1301 systems in existing weapons systems."

The emphasis was on retrofit, i.e., developing technologies that could readily be installed on existing
weapons systems.” This led to an oversimplification of the task, by some observers, as a search for a
"drop-in" replacement chemical. In fact, the NGP included examination of technologies that could
improve the performance of a chemical whose inherent fire suppression efficiency was only mediocre
relative to that of halon 1301, approaches that used granular materials, rather than compressed fluids, and
even technologies that used no active suppressant at all. The Program would be complete when the
generic know-how existed to design cost-effective alternates to halon 1301 systems.

The concept of the NGP was created by Dr. Donald Dix and Mr. Paul Piscopo of the Office of the
Secretary of Defense. Planning began in 1994, and the Program was initiated in fiscal year 1997.
Oversight and guidance of the Program was provided by a DoD Halon Alternatives Research and
Development Steering Group (HASG). The HASG was chaired, in turn, by Dr. Dix and Mr. Piscopo.
The membership consisted of representatives from the DoD agencies with responsibility for fire
suppression research and development, testing, and implementation of new technology. The U. S.
Environmental Protection Agency (EPA), which approved suppressants based on their environmental
impact and safety during exposure, provided a liaison to monitor DoD development of alternatives to
halon 1301.

The principal sponsor of the NGP was the DoD Strategic Environmental Research and Development
Program (SERDP), directed initially by Dr. John Harrison and subsequently by Mr. Bradley Smith. The
SERDP Pollution Prevention (later Weapons Systems and Platforms) Program Managers were Dr. Carl
Adema, Dr. Robert Holst, and Mr. Charles Pellerin. The NGP was Project WP-1059.

The author of this chapter had the privilege of serving as the Technical Program Manager for the duration
of the NGP. Providing additional scientific and pragmatic expertise was a Technical Coordinating
Committee, whose membership evolved over the life of the Program: Mr. Lawrence Ash and then Mr.
Donald Bein of the Naval Air Systems Command, Dr. Michael Bennett of the Air Force Research

i Although not explicit in the goal statement, the presumption was that the new science and improved approaches to fire
suppression would also be adaptable to the design of future weapons systems. The economics of adapting the new knowledge
would likely be more restrictive for an existing aircraft, ship, or ground vehicle; and it was recognized that some expensive-to-
retrofit technologies might not be pursued within the NGP, although they might be more viable economically for new weapons
systems.
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Laboratory and then Mr. Martin Lentz of the Air Force's 46™ Test Wing, Dr. William Grosshandler of the
National Institute of Standards and Technology, Dr. Andrzej Miziolek of the Army Research Laboratory,
and Dr. Ronald Sheinson of the Naval Research Laboratory. Administrative support for the NGP was
provided by Gamboa International Corporation.

The NGP was a closely integrated research program whose potential for success was maximized by
bringing together the nation's best scientists and researchers in fire suppression and associated
technologies, with extensive interactions between the technical disciplines and the project principal
investigators. The research was organized into six technical thrusts:

1. Risk Assessment and Selection Methodology: development of a process for program
managers to choose among alternative technologies for each application.

2. Fire Suppression Principles: establishment of the mechanisms of flame extinguishment,
leading to new approaches for fire control.

3. Technology Testing Methodologies: development of test methods and instrumentation to
obtain data on the effectiveness, toxicity, environmental impact, and materials compatibility
of new suppressants and their principal degradation products during fire extinguishment.

4. New Suppression Concepts: definition of new ideas in processes, techniques, and fluids for
fire suppression based on chemical and physical principles.

5. Emerging Technology Advancement: acceleration to maturity a variety of processes,
techniques, and fluids that are currently under development.

6. Suppression Optimization: development of the knowledge to obtain the highest efficiency of
each candidate technology.

While the early NGP research was underway, the military services were pursuing solutions, based on
TDP technology, for some of the DoD platforms. The Army had identified fire suppression technologies
for both current and planned ground vehicles that needed only engineering for implementation. The Navy
had no plans to retrofit current ships and had initiated a research program on water mist technology for
forward fit.

However, the aircraft safety and survivability engineering teams from all three Military Services had fire
suppression needs for engine nacelles and dry bays that were not being addressed by Science and
Technology (S&T) efforts outside the NGP. Thus, in 1999, the goal for the NGP was refined:

"to develop and demonstrate technology for economically feasible,
environmentally acceptable and user-safe processes, techniques, and
fluids that meet the operational requirements currently satisfied by halon
1301 systems in aircraft." *’

In this revised statement, there was recognition that the NGP, as the only DoD S&T program in this field,
should develop the technology base for both existing and planned aircraft. The deliverables, in addition
to a well-documented science basis, were to be:

1. Identification of the best chemicals to consider as alternatives to halon 1301 for extinguishing
in-flight fires in engine nacelles and dry bays;
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2. Guidance for engineering the fire suppression system to obtain the most efficient use of the
suppressant chemicals;

3. Development of practicable non-fluid-based suppression technologies; and
4. Creation of means for deciding among candidate solutions for a given application.
The documentation was to include not only those tests, models, and computations that led to improved

firefighting capability, but also those that were not promising. This documentation would then serve as a
resource for those who entered the field in future times.

Realization of the difficulty in searching for an effective fire suppressant system comes from viewing an
aircraft engine nacelle (Figure 1-1)." A dry bay is no less complex.

lind

Y|

>

Bundles
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clutter

dense
clutter

(Cold) Air
Flow >

Figure 1-1. Interior of an Aircraft Engine Nacelle.

The suppressant is injected, at a small number of points, into this annular space between the pictured
engine exterior and the outer, cylindrical housing (not shown in the figure). The agent must fill the
annulus, reach all the nooks and crannies, and put out the flames from a fire in any location, all before the

cold air flow flushes the chemical from the nacelle.

Scientists and engineers were thus looking for compounds that had:
e High fire suppression efficiency
e Effective quenching of flame re-ignition

e Low ozone depletion potential (ODP)

il An engine nacelle is the housing of an aircraft jet engine. The exterior is aerodynamically smooth, while the interior has
ribbing that provides the structural strength for the nacelle.
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e Low global warming potential (GWP)"

o  Short atmospheric lifetime"

e Low suppressant residue

e Low electrical conductivity

e Low corrosivity to metals

e High compatibility with polymeric materials

e Stability under long-term storage

e Low toxicity of the chemical and its combustion and decomposition products

e High speed of dispersion

The research on advanced fire suppression processes, technologies, and fluids encompassed 42
interrelated projects. Many of these were outlined in the original NGP Strategy Document and were
structured by successful proposals in an open competition. These were complemented by solicitations for
proposals of new ideas. The remaining projects were commissioned by the Technical Coordinating
Committee, with approval of the HASG and the sponsor, based on the outcome of the prior projects and
newly acquired understanding of the additional research needed to meet the NGP goal.

Figures 1-2 through 1-5 depict the relationships between the projects and their relationships to the NGP
deliverables. Cyan boxes are projects that were performed, red boxes indicate projects that were planned
but not performed, the yellow box represents work in progress elsewhere at the time of this book, and
orange boxes depict the deliverables. An asterisk (*) notes projects that appear more than once.

As the research progressed, the findings were published in archival journals, issued as DoD reports, and
presented at technical meetings. Prominent among these meetings were the annual Halon Options
Technical Working Conferences (HOTWC), founded by Dr. Robert Tapscott of the New Mexico
Engineering Research Institute. Attendance at these meetings included domestic and international
representatives of weapons platforms manufacturers, the military services' safety and survivability teams,
civilian customer for fire suppression systems, fire suppression systems manufacturers, and members of
the national and international fire research and engineering communities. Eventually, when this key
meeting lost its original host, the NGP assumed the responsibility for the organization and conduct of the
meetings and for the publication of the cumulative papers. **

' The global warming potential of a gas is defined as the change in irradiance at the tropopause (the boundary between the
stratosphere and the troposphere) per mass of the gas emitted relative to the change in irradiance per mass of carbon dioxide.

¥ Faced with two chemically different effects of compounds on the environment, it was recognized that a broad approach to
minimizing atmospheric perturbations was advisable. Atmospheric lifetime is an indicator of the potential for released
chemicals to be degraded or removed from the environment before they could effect harm. It is the time, after its initial
emission into the atmosphere, it takes for the compound to decay to 1/e (37 %) of its original concentration.
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1.6 THIS BOOK

There are multiple reasons behind the preparation of this book. First, as the search for alternative
technologies began, reports of much of the prior work were not readily available. Some were out of print,
some had only been issued for limited distribution, and other studies had not been fully documented.
Second, building on increased knowledge of the fundamentals of fire, the NGP and contemporary studies
re-defined the field. However, many of these reports were interim reports or were, for other reasons, not
documented in the archival technical literature. Third, the large number of NGP reports makes it difficult
to understand how the many projects combined to advance the science and engineering of fire
suppression. Finally, it is the intent of the authors and sponsors to document this national research effort
such that future researchers and engineers who work in this field (and we firmly believe this will arise
again) will have an organized archive from which to begin their work. To this end, the authors of the
chapters of this book have compiled, edited, and enhanced the contents of the numerous documents
generated under the NGP. As appropriate, they have added information that puts this material in context.

The structure of this book is as follows. Chapter 2 presents an overview of how aircraft have been (and
are) protected from the consequences of in-flight fires. Chapter 3 presents what NGP scientists have
learned about the chemical suppression of flames. Chapter 4 discusses the properties of suppressant
aerosols that contribute to (and detract from) efficient flame quenching. Chapter 5 summarizes the
instrumentation the NGP developed for learning about and monitoring fire suppression processes,
especially in real-scale tests. Chapter 6 describes the NGP approach to screening chemicals for their
potential as alternatives to halon 1301. Chapter 7 describes the process and results of examining
numerous chemicals. The amount of a chemical required to extinguish fires in full-scale engine nacelles
and dry bays also depends on the geometry of the test fixture, the air flow field within the nacelle, the
effectiveness of the mixing of the suppressant into this air flow, and the manner in which the flame is
stabilized. These factors are separate from the properties of the suppressant itself. They are discussed in
Chapter 8 for suppressants that are stored as compressed fluids and in Chapter 9 for agents that are
powders or are delivered by chemically generated impulses. Chapter 10 presents a formalism for
considering the life-cycle costs of alternative installed fire suppression systems, to be used in the
implementation decision process by aircraft platform managers. Chapter 11 summarizes the key lessons
learned during the conduct of the NGP and how they were verified with real-scale experiments. Readers
might find the first part of this chapter useful to read first, providing an overview of the results of the
technology presented in the rest of the volume. Chapter 12 establishes where the NGP has brought the
field of fire suppression science and engineering and identifies the challenges that remain. Three
appendices provide lists of the NGP projects and publications and acknowledge those who assisted with
the preparation of this volume.
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21 FIRE THREATS TO MILITARY AIRCRAFT

Safety and survivability drive the requirements for fire suppression in aircraft. Whereas safety is
concerned with mitigation of hazards associated with system or component failures or human error,
survivability relates to susceptibility and vulnerability to threats directed at the aircraft. A fire is deemed
a safety-related fire when it results from component failures, which may be due to inadequate design, a
mechanical failure mechanism such as fatigue, or maintenance error, and results in either a flammable
fluid contacting an always-present ignition source, or the failures themselves provide both the flammable
fluid and the ignition source. Fires that relate to aircraft survivability are those that are ballistically
induced in areas on an aircraft that, if not protected by some means, are vulnerable to fire or even
explosion. Extensive literature compilations by the National Advisory Committee on Aeronautics
(NACA) summarize investigations since 1922 of aircraft fire problems, fire prevention measures, fire
detection, fire suppression, fuel tank explosion hazards, and inerting. These indicate that what was then
the War Department had been addressing the field of aircraft fire protection at least as early as 1927."% In
1938, just prior to World War II, the issue of in-flight power-plant (engine compartment) fires led to the
Civil Aeronautics Administration (CAA) expanding its fire test program to include fire extinguishing to
mitigate the hazards associated with these fires.> Review of the combat data from World War II indicated
that, in order, damage to engines, cooling and lubrication subsystems, fuel system, and flight control
systems were to likely lead to aircraft loss, and that the majority of aircraft lost were on fire.*

Surveys conducted after World War II documented the obvious need for lower volatility fuels and
separation of flammable fluid-carrying components from ignition sources with the engine emphasized as
the principal ignition source.” It was also then recognized that during flight the fuel-air mixture within
fuel tanks could be alternately combustible and noncombustible, depending upon flight conditions.
However, engine failures were still found to be the most frequent cause of flammable fluid ignition by an
ignition source in flight.® It is no surprise that years later, analysis conducted by the United States Navy
(USN) indicated a similar outcome: non-combat in-flight fires, i.e., safety-related fires, occurred
predominately in engine compartments, as illustrated in Figure 2-1.

The combat environment exposes military aircraft to ballistic and higher-level threats that, until recent
years, have not been experienced in U.S. commercial aviation.” These threats can be incendiary or non-
incendiary. The military conflicts in Korea and Southeast Asia and analysis of aircraft combat loss data
from those conflicts indicated that the fires due to fuel-system-related damage were becoming the
predominant fire vulnerability, as aircraft were lost mainly due to hits on the fuel system.* Analysis of
aircraft losses suffered during the Vietnam conflict indicated generally that half were due to fuel fires and
explosions, and that half of those were attributable to fuel explosions in dry bay areas on aircraft.®

As illustrated in Figure 2-2, dry bay areas along with the fuel tank ullage, which can itself contain a
flammable fuel-air mixture, are vulnerable to ballistic threats.” From the aircraft survivability design
perspective, the fuel tank ullage and dry bay compartments contribute to an aircraft’s ballistic vulnerable
area. Incendiaries released from a ballistic round that penetrate the ullage can result in ignition of fuel
vapor. A ballistic round entering into a dry bay adjacent to a fuel tank, and that also penetrates a fuel tank
or other flammable fluid component, can cause fuel to leak and be ignited within the dry bay when
incendiaries are released.

i Dry bays are void areas on aircraft adjacent to fuel tanks or can be areas containing flammable fluid-carrying components.
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i Forty-nine percent (49 %) of the fires represented in the electrical equipment bar in Figure 2-1 occurred on one aircraft
platform type within the aircraft cabin and were readily extinguished by either securing electrical power to that equipment or
by use of on-board portable fire extinguishers. Also in Figure 2-1, ECS is an acronym for Environmental Control System.
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Table 2—1 provides a generalized evolution of tactical and rotary aircraft vulnerability based on live fire
testing (LFT) vulnerability assessments for armor-piercing incendiary (API) threats.'” Though aircraft
vulnerable areas have decreased over the years, as depicted notionally in Figure 2-3, fuel systems remain
a significant vulnerability issue and drive the need for vulnerability-reduction measures such as fire
suppression for aircraft dry bay compartments as well as for engine compartments.

Table 2-1. Evolution of Aircraft Vulnerability Based on Live Fire Test
Vulnerability Assessments (APl Threats)."

Aircraft Vulnerable Area Vulnerable Area
Category, System Percentage Percentage
Tactical Aircraft 1960s through 1970s Current
Crew 8 % 10 %
Propulsion 54 % 5%
Flight Controls 11 % 5%
Fuel System 25% 75 %
Structure 1% 2%
Other 1% 3%
Rotorcraft 1980s Current
Crew 1% 3%
Propulsion <1% 2%
Drive System 15 % 20 %
Flight Controls 38 % 33%
Fuel System 30 % 42 %
Structure 16 % -
Other - <1%

System Vulnerability:
O Crew

Propulsion
Drivetrain
Flight Controls
Fuel System
Structure
Others

HEOEQOO @

1980’s State of the Art
Rotorcraft Rotorcraft

Figure 2-3. lllustration of Notional Reduction in Overall Rotorcraft Vulnerable Area.

¥ Figure 2-3 and the percentages in Table 2-1 were provided by the Naval Air Warfare Center Weapons Division, Aircraft
Survivability, and are printed with permission of the Naval Air Systems Command.
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The susceptibility of aircraft to engine fires combined with the combat vulnerability to fuel-system-
related fires cannot be overstated. Based on United States Air Force (USAF) experience, the combined
historical cost from 1966 through projected cost through 2025 of aircraft loss due to fire from both
operational and combat losses has been estimated as over $30 billion. The cost to provide fire
suppression for that same period has been estimated at less than $1 billion.!" Chapter 10 provides further
discussion of life cycle cost of aircraft fire protection.

In terms of personnel safety, the fire risk is obvious. However, in terms of crew survivability in combat,
the need for fire suppression takes on an added dimension. Figure 2-4 shows known ejection locations of
U.S. Navy aircrewmen who subsequently became prisoners of war (POW) during the Vietnam conflict,
and Figure 2-5 shows locations of Navy rescues of Navy aircrewmen during that conflict."> It had been
estimated that the difference in terms of time was typically 5 min flight time between ejection locations
and rescue locations. Thus the ability to provide fire suppression capability to address both predominant
operational failure threats as well as combat threats is likely to increase aircrew survival and recovery.
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Figure 2-4. Known Ejection Locations of Figure 2-5. Locations of Navy Rescues
Navy Aircrewmen Who Became POWs of Navy Aircrewmen During the
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During the Southeast Asia Conflict. t.'?

Southeast Asia Conflict.
The remainder of this chapter describes not only the aircraft compartments that were the primary focus of
the United States Department of Defense’s Next Generation Fire Suppression Technology Program
(NGP), but also provides general summaries of all the various types of compartments on aircraft for
which halon fire suppression has been implemented. This has been done so that the reader is reminded
that, although the focus of the NGP addressed those compartments for which, statistically, the fire threat
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has been the greatest, the work of the NGP is likely to influence in the future how fire suppression is
applied for other aircraft compartments that may require protection.

The next section includes a brief discussion on various techniques for fuel tank ullage fire suppression,
which was the subject of an exploratory effort during the NGP. This is followed by a summary of the
NGP’s investigation into the types of fires experienced in the compartments that were the focus of the
NGP: engine nacelles, auxiliary power unit (APU) compartments, and dry bays. In particular, this section
provides expanded discussion on the topic of temperature and historical experience related to fire
suppressant releases relative to outside air temperature (OAT) and the nacelle temperature environment.
Next, brief descriptions are provided for the fire suppressants that have been used on aircraft prior to the
efforts to identify halon alternatives that commenced after production curtailments driven by the U.S.
Clean Air Act of 1990 and amendments to the Montreal Protocol. Throughout this entire section, the
word “halon” is used to denote any of the halogenated fire suppressants that have been used in aircraft fire
suppression, except where the particular halon type is noted specifically. Finally, a brief overview of the
Halon Alternative Technology Development Program (TDP) is provided to familiarize the reader with the
“near-term” halon alternatives identified for use in aircraft fire suppression applications, their benefits,
and their limitations, which led to the need for the NGP.

2.2 PROTECTED COMPARTMENTS ON AIRCRAFT

The predominant implementation of halon-1301-based fire suppression on aircraft has been for fire
protection of powerplant-type compartments. These compartments are those that contain engine-type
equipment that require flammable fluids (aviation fuel, hydraulic fluid, and lubrication oil) to generate
propulsion power, such as a turbojet engine that generates thrust power for a fighter jet or a turboshaft
engine that generates shaft power to turn a propeller on a turboprop aircraft or turn rotors on a helicopter.
Powerplant compartments include engine compartments, which are referred to as nacelles, but depending
on the type of aircraft, e.g., transport, cargo, fighter, or helicopter, may also include additional types of
powerplant-type compartments such as APU compartments. Also, depending on the type of aircraft,
halon 1301 has been utilized to provide fire suppression for other compartments, such as dry bays, cargo
compartments, avionics compartments, weapons bays, and fuel tanks. Although the final focus of the
NGP was to address halon alternative fire suppression for engine nacelles, APU compartments and dry
bay compartments, the intent of this section is to familiarize the reader with these compartments as well
as other types of compartments for which fire suppression has been provided on military aircraft.

From the aircraft designer’s perspective, “fire extinguishing” implies that a system is to be designed to
extinguish a fire without subsequent reignition, whereas “fire suppression” implies that reignition can
occur but that the system will suppress the fire until a safe landing can be achieved. However, the phrase
“fire suppression” is used widely throughout aviation as well as in the NGP and its publications to mean
fire extinguishment, except where specifically explained otherwise. The latter convention is followed in
this chapter as well, except where noted otherwise.

2.21 Engine Nacelles

Engine nacelles are the physical compartments on aircraft that house the engines. These compartments
may be integral with the fuselage or mounted externally to the aircraft’s wings. An example of a
turboshaft engine is illustrated in Figure 2-6. The engine itself is physically complex, containing ribs,
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tubing for fuel and bleed air, electrical harnesses, and externally-mounted accessory components (e.g., oil
pump). Integration of an engine into an aircraft nacelle increases greatly the geometric complexity about
an engine, as components and systems that must interface directly with the engine will also reside within
the nacelle. Adding to the complexity of the installation are the dynamic conditions that exist within the
nacelle during aircraft operation. Engine surface temperatures can exceed 538 °C. Ventilation airflow is
required through the nacelle to ensure engine and accessory component performance is not degraded and
is effected by incorporation of air inlets and outlets on the nacelle structure. Depending on the type of
aircraft and flight conditions, nacelle mass airflow rates for DoD aircraft that have been fielded have
ranged from under 0.23 kg/s (0.5 1bs/s) to in excess of 14 kg/s (30 lbs/s) for a fighter aircraft dash
operation."*'*  When the combined integration is considered, the nacelle becomes a geometrically-
complex, turbulent compartment capable of sustaining fire. Additionally, components within the nacelle
and the engine components themselves provide for potential flame holders, recirculation zones, and for
potential areas of stagnation.

Figure 2-6. Example Turboshaft
Engine.

(Reprinted with permission from Rolls-
Royce Corporation.)

Figure 2-7 is an example of a military aircraft engine nacelle. As shown in Figure 2-8, the typical nacelle
fire suppression system installation consists of one or more fire suppressant bottles, located external to the
nacelles, connected to a directional control device that interfaces to distribution plumbing that routes
discharged suppressant to the nacelles. This system may also be designed to deliver suppressant to an
APU compartment. Discharge is effected by the pilot in the cockpit: an electrical signal causes activation
of a pyrotechnic cartridge actuated device (CAD) to rupture a burst disk on the bottle to effect suppressant
release. These systems are typically designed to provide a specified suppressant concentration level (6 %
for halon 1301)" throughout each protected compartment for a minimum of 0.5 s. Figure 2-9 shows a fire
suppression system installation for an engine nacelle in which the suppressant bottle is located in a
compartment adjacent (and external) to the nacelle. Though not typical in currently fielded DoD aircraft,
the fire suppression system bottle may also be located within the nacelle, as shown in Figure 2-10,
increasing nacelle complexity.

¥ Throughout this chapter, where percentages are indicated in discussions related to suppressant concentrations, they are always
referring to concentration by volume.
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Figure 2-7. A Fighter Aircraft Engine Nacelle.
(Printed with permission of the Naval Air Systems Command.)
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Figure 2-8. Diagram of an Aircraft Fire Suppression System Installation.?
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Figure 2-9. An Aircraft Engine Nacelle Fire Suppression System Installation, Suppressant
Bottle External to the Nacelle.

(Printed with permission of the Naval Air Systems Command.)
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Figure 2-10. An Aircraft Engine Nacelle Fire Suppression System Installation,
Suppressant Bottle Within the Nacelle.
(Printed with permission of the Naval Air Systems Command.)

22.2 Other Powerplant-type Compartments

In addition to engine compartments, DoD military aircraft may contain other types of powerplant
compartments for which a fire suppression capability is provided, either dedicated or shared with another
fire suppression system on the aircraft. The most common compartment that falls into this category is
that containing the auxiliary power unit (APU). On some aircraft this compartment may also be referred
to as the auxiliary powerplant (APP) or the gas turbine compressor (GTC) compartment. These units may
be miniature turbines or other power generating equipment, but are typically smaller than the normal jet
engine propulsion systems. These units furnish electrical power when engine-driven generators are not
operating or when external power is not available, and they may be used to provide emergency power to
all or some of the aircraft subsystems in the event of an in-flight engine shutdown." These units function
and generate power independently from the normal aircraft engine systems. On the ground, the power
output from the APU is used to generate power to drive a starter unit for engine starting.

¥ Because aircraft power for the fire suppression system may not be available during startup, one fielded rotorcraft model
actually employs a manually activated fire bottle for its APP compartment. A cable is run from the cockpit fire bottle actuation
mechanism, referred to as the T-handle, through overhead cabin compartments, around a two-pulley system, and into the
discharge port of the bottle.
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In addition to or instead of a dedicated APU compartment, there are fielded DoD aircraft that contain an
accessory compartment or secondary power system (SPS), or in the case of a rotary aircraft, a gearbox
compartment. These compartments may contain the APU or other equipment utilized during ground
engine starting and aircraft operation such as a Jet Fuel Starter (JFS) or an Airframe Mounted Accessory
Drive (AMAD). Like engine nacelles, each of these compartments is likely to have ventilation airflow to
ensure proper component performance and, like the main aircraft engines, components like the APU are
potential ignition sources and their integration into the aircraft can present geometric complexities with
respect to fire suppressant distribution. Figure 2-11 is an example of an APU installation on a transport
aircraft. Figure 2-12 is an example of a fighter aircraft accessory compartment. Figure 2-13 is an
example of an aircraft gearbox compartment that also contains an APU. Figure 2-14 is an example SPS
installation on a fighter aircraft. Integration of an APU or similar component into an aircraft accessory,
gearbox, or other powerplant-type compartment results in a complex compartment in which fire may be
sustained, due to either a component failure or, in the case for some aircraft as will be described later,
because the compartment is vulnerable to ballistically induced fires.

APU Fuel Fuel
Light Line Oil Filler Nozzles Upper
Switch Generator Fuel Filter Shroud

Bleed Air
Bleed Air Oil Filter Manifold
Valve Start Motor Oil Tank Exhaust
Muffler

15, vii

Figure 2-11. A Transport Aircraft Auxiliary Power Unit Installation.
(Reprinted with permission of the author.)

"' Several DoD aircraft models are variants of commercial transport aircraft. Such aircraft are referred to within the DoD as
commercial-derivative aircraft.



30 History of Fire Suppression in Aircraft

Fire Suppressant
Bottle

Figure 2-12. A Fighter Aircraft Accessory Compartment
With Fire Suppression System Installation.
(Printed with permission of the Naval Air Systems Command.)

APU

Figure 2-13. An Aircraft Gearbox Compartment with APU.
(Printed with permission of the Naval Air Systems Command.)
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Figure 2-14. A Secondary Power System (SPS) Installation.
(Component callouts spelled out or simplified for clarity.)

223 Dry Bay Compartments

Dry bay compartments, or simply dry bays, are compartments on aircraft adjacent to fuel tanks or are
compartments in which flammable-fluid-carrying components are located. The compartments adjacent to
fuel tanks may contain other equipment, such as avionics equipment, or may be, for the most part, empty.
There may or may not be ventilation airflow. If not empty, a dry bay can be geometrically complex, and
if there is some ventilation airflow, the compartment may be turbulent. One study identified generally
four types of dry bays: wing leading/trailing edge, wing midchord, fuselage fuel cell boundary, and
fuselage forward and aft equipment bays.'” Ballistic threats such as armor-piercing incendiary (API)
rounds or high-explosive incendiary (HEI) rounds can penetrate a fuel tank or fuel-carrying component,
effecting release of flammable fluid into a dry bay. The incendiary released by the round from the
penetration can then ignite the fluid-air mixture. The damage inflicted by a ballistic round may also result
in damage to an aircraft system that can result in a secondary ignition source, such as heated metallic
fragments or arcing from a damaged electrical harness. Figure 2-15 illustrates that dry bay compartments
may be located within the fuselage as well as in wing areas that surround a fuel tank. Figures 2-16
through 2-18 provide examples of actual aircraft dry bay compartments. Figure 2-16 illustrates a dry bay
compartment adjacent to a fuel tank whereas Figures 2-17 and 2-18 show dry bay compartments that also
contain flammable-fluid carrying components.
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Figure 2-15. Typical Dry Bay Locations in a Fighter Aircraft.”®

Figure 2-16. A Dry Bay
Compartment Adjacent
to a Fuel Tank; Fire
Detector and Fire
Suppressor Installed
within the Dry Bay
Compartment.

(Printed with permission
of the Naval Air Systems
Command.)
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Figure 2-17. Top View of a Wing Dry Bay
Containing Drive, Hydraulic, and Electrical
Systems Components.

(Printed with permission of the Naval Air Systems
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Figure 2-18. A Wing Leading Edge Dry Bay Containing Hydraulic and Electrical Systems
Components, Leading Edge Structure Removed.
(Printed with permission of the Naval Air Systems Command.)
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There are active and passive approaches for suppressing dry bay fires. An active dry bay fire protection
system must be capable of detecting a fire on a time scale of less than 10 ms and suppressing the fire
within a few hundred milliseconds. In the truest sense, fielding of halon 1301 fire suppression systems
for protection against ballistic threats in dry bay compartments on military aircraft has been limited: no
DoD aircraft have such dry bay fire protection systems, but halon 1301 dry bay fire suppression is known
to be installed on United Kingdom CH-47 Chinook helicopters.'” "' Like halon systems designed to
protect engine nacelles, the fire bottles used for dry bay fire suppression on the CH-47D helicopters also
utilize a pyrotechnic device to rupture a burst disk on the bottle to effect suppressant release, but the
bottles are automatically activated upon receipt of a signal from a pressure transducer — an initiator on the
bottle also effects discharge.”® Figure 2-19 depicts the components of this type of system, which is
referred to as the COBRA system.™ The bottles are much smaller than those fielded for nacelle fire
suppression systems, and the time to discharge agent is on the order of 10 ms, compared to typically 1 s
for a nacelle fire bottle.”! There are, however, DoD aircraft platforms for which halon 1301 is utilized to
protect a powerplant or other type of compartment but in reality the protected compartment is a quasi dry
bay compartment that is vulnerable to a ballistically induced fire; i.e., these compartments are either
located adjacent to a fuel tank or they contain flammable-fluid-carrying components. For a few DoD
platforms, those halon 1301 fire suppression systems are also intended to provide protection against dry
bay fires."’

Passive techniques have been the predominant fire protection approach for aircraft dry bays on DoD
aircraft, which have been implemented either by installation of a physical material to defeat the flame
front, such as reticulated polyether foams and rigid foams, or by installation of panels adjacent to the
compartment that, if ruptured by a ballistic projectile, release a powder suppressant to quench incendiaries
released by the projectile. (In Figure 2-18, powder panels can be seen installed on the wing spar.)
Performance limitations of this latter method were investigated under the NGP and resulted in
development of new design techniques that dramatically improve powder panel protection capability.*
This is described further in Chapter 9.

224 Cargo Compartments

Cargo compartment fire suppression systems are typically installed on commercial transport aircraft,
though there is at least one DoD aircraft equipped with this type of system, the C-5, an Air Force cargo
transport aircraft.” Such systems are designed to provide a minimum knock-down concentration
followed by a sustained minimum flooding concentration to suppress a fire that continues to burn until a
safe landing is made. Such systems typically provide for 60 min of suppression capability. Thus unlike a
fire suppression system designed to extinguish a nacelle, other powerplant, or dry bay fire, the protection
philosophy for a cargo compartment is true fire suppression.

Vil Tn Reference 32 it is stated «...the F22 dry-bay protection scheme. ..incorporates multiple ‘bottles’, using halon 1301, to
provide appropriate coverage.” This statement infers that DoD USAF F-22 aircraft use halon 1301 for dry bay fire
suppression. Space and electrical wiring provisions are installed on delivered F-22 aircraft in the event it is decided in the
future to install dry bay fire suppression system components. Though the system was designed for use of halon 1301,
research conducted for this Chapter confirmed (Reference 19) that, as of the writing of this book, no F-22 aircraft are fielded
at this time with halon 1301, i.e., no dry bay fire suppression system components are installed.

During research conducted for this book, it could not be confirmed if “COBRA” is an acronym, nor could it be confirmed why
the system was assigned such a name. Literature provided by the system supplier indicates that it simply refers to the snake.
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Figure 2-19. Non-DoD Aircraft Halon 1301 Dry Bay Fire Protection System.***
(Reprinted with permission of Airscrew Limited, U.K.)
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The diagram in Figure 2-20 is an example of a cargo fire suppression system installation on a transport
aircraft. Such systems today utilize halon 1301 for fire suppression. In the case of an engine nacelle or
APU compartment fire, the fuel source is shut off from either of those compartments prior to effecting
agent discharge; whereas in a cargo compartment, the fire may be deep-seated and not removed from its
flammable material source. The amount of agent installed to provide extinguishing capability to protect
engine nacelles may be relatively small compared to that required for the cargo compartment. For
example, on C-5 aircraft, there are four halon 1202 bottles (6.8 kg agent each) for engine fire suppression,
whereas 17 halon 1301 bottles (31.75 kg each) are installed for cargo compartment fire suppression.
Though the focus of the NGP did not include cargo compartment fire suppression, extensive research and
testing into application of halon alternatives for these compartments has been conducted by the FAA’s
Fire Safety Branch at the Hughes Technical Center.
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Figure 2-20. Diagram of a Cargo Fire Suppression System Installation
on a Transport Aircraft.?®?’
(Photograph of panel reprinted with permission of the author."?)

225 Other Compartments

During the development of an aircraft design, safety hazard and vulnerability analyses will identify
potential fire threats aboard the aircraft in compartments other than powerplant-type, dry bay and, if
applicable, cargo compartments. (The vapor space within fuel tanks is a separate case that is described in
the next section.) Design solutions are then pursued to mitigate the likelihood of a catastrophic fire and
implement ballistic vulnerability reduction measures if needed, which typically considers isolating
potential ignition sources from flammable fluid or other flammable sources. If the risk for fire cannot be
mitigated to an acceptable level, a dedicated fire suppression system will be installed to protect the
compartment (or if not, the risk is accepted). Examples of such compartments on DoD aircraft are, or
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were, the fuselage fire protection system installed on F-111 aircraft to protect the cheek and stabilization
areas and weapons bay, the C-5 avionics compartment fire suppression system, and the A-6E/EA-6B aft
equipment bay fire protection system. All are, or in the case of retired aircraft were, halon 1301 systems.
The certification requirement for engine nacelle halon 1301 fire suppression systems was applied to
certify the A-6E/EA-6B aft equipment bay system, and that requirement was likely applied to certify the
other systems on the C-5 and F-111. Thus it follows that certification requirements developed for any
agent or technology developed by the NGP for engine nacelle fire suppression would likely become
certification benchmarks, or likely starting points for such benchmarks at minimum, for systems installed
to protect most compartments on aircraft except for dry bays and cargo compartments. The exception for
dry bay compartments is that although viable technologies for dry bay protection were developed under
the NGP, certification for those systems will likely still be accomplished through live fire ballistic testing,
as is done currently in accordance with live fire testing legislation. The exception for cargo
compartments is the unique knock down and flooding suppression requirement, which was not addressed
by the NGP.

2.2.6 Fuel Tank Ullage

In contrast to dry bay compartments, fuel tanks are sometimes referred to as wet bays. The fuel tank
ullage is that portion of the fuel tank volume not occupied by liquid fuel but contains an air and fuel-
vapor mixture. From an operational safety perspective, though the potential for a fuel tank fire/explosion
hazard exists on every aircraft due to a system or component malfunction or failure, safety has not been
the requirements impetus for implementing ullage protection on DoD military aircraft. (Relatively recent
activity has been conducted to reassess and develop such protection for commercial aircraft.”****%) The
case for military aircraft is primarily, like dry bay fire protection, one of vulnerability reduction for
combat survivability. Though there are several military platforms that incorporate some type of active
ullage protection system, only three DoD aircraft have utilized halon 1301 to provide fuel tank inertion,
the USAF F-16 and F-117 aircraft and the United States Navy (USN) A-6E, which is no longer in service.

No research was performed under the NGP to identify or develop potential alternatives to halon 1301 for
fuel tank inerting. However, the NGP did compile and appraise techniques for fuel-tank ullage
suppression of fire and explosion, which had been previously developed and fielded.”’ That work
identified the following technologies that can be installed within the ullage itself to discharge a
suppressant upon detection of the fire/explosion flame front: scored canister system (SCS), linear fire
extinguisher (LFE), and the Parker Reactive Explosion Suppression System (PRESS). Existing design
guidance on fuel system fire and explosion suppression also identifies an additional technology, the
Fenwal cylindrical suppressor.”® Of these, only the cylindrical suppressors utilized a halon fire
suppressant (halon 1011) and were fielded on several aircraft, one of which was the USAF F-105. These
suppressors were also utilized on some commercial transport aircraft (Boeing 707 and 747-100 models) in
surge tanks to prevent ground fires entering the wing. These systems were designed to provide fire
protection, not explosion protection.*** The SCS utilized pentane to create a fuel-rich environment and
was also fielded on several platforms. The PRESS technology used water plus a brine additive to reduce
the water’s freezing temperature below -54 °C (-65 °F) and has not been fielded. Figure 2-21 illustrates
the SCS, LFE, and cylindrical suppressor devices.

* Reference 32 suggests that this type of fire suppression was installed to protect against fires initiated by lightning strike.
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An additional technique identified during the NGP investigation was the nitrogen-gas-inflated ballistic
bladder (NIBB) system, a double-walled fuel cell that is filled with nitrogen. Interestingly, this technique
requires an on-board inert gas generation system (OBIGGS) to provide the nitrogen gas. The NIBB
system has not been fielded on any DoD aircraft, whereas OBIGGS itself is fielded on several aircraft
(C-17, MV/CV-22, F-22, UH-1Y, AH-1Z, and AH-64) to provide nitrogen-enriched air to inert the fuel
tank ullage. OBIGGS is being considered for the USN’s multi-mission maritime aircraft, to be designated
as the P-8 aircraft.** The C-5 and the SR-71 had implemented liquid nitrogen inerting systems for ullage
protection. In the SR-71 aircraft, a supersonic aircraft, the inerting system was implemented because of
the high skin and fuel tank wall temperatures generated during supersonic flight, i.e., aerodynamic heating
effected by supersonic flight could cause walls to become an ignition source for fuel vapor in the ullage.*
The use of nitrogen as an inerting and fire suppression agent is described later in this chapter.

The NGP investigation classified the various ullage protection techniques into three categories: active
(system is always providing a required level of protection), reactive, and passive. Active techniques
fielded currently are halon-based inerting and OBIGGS. Engine exhaust has also been used as an ullage
inerting agent - the Russian-built Ilyushin IL-2 Sturmovik cooled and piped engine exhaust gases into its
fuel tank ullage spaces.* Some earlier DoD aircraft also incorporated ullage inerting using exhaust gas
(B-50 aircraft) as well as CO, and dry ice (B-47 and B-36 aircraft), but these techniques were
discontinued because of technical problems.*® Reactive techniques would integrate a detection system
and a suppression system utilizing the LFE, SCS, PRESS, or cylindrical suppressor technologies. Passive
techniques involve installing material within the fuel tank itself to prevent an overpressure by extracting
heat from a flame front. There are primarily two materials that have either been fielded or at least have
been demonstrated by the DoD as viable for providing passive fuel tank ullage fire protection: reticulated
(porous) polyurethane foam and aluminum mesh. Polyurethane foam has been used in numerous DoD
platforms for years (A-7, A-10, F-15, F/A-18, C-130, and P-3), whereas aluminum mesh has not been
implemented on DoD aircratft.

During the NGP, non-NGP investigations were performed into the use of trifluoroiodomethane (CFsl) as
a replacement for halon 1301 in the F-16 fuel tank inerting system. A diagram of the F-16 inerting
system is shown in Figure 2-22 and is a typical halon 1301 inerting system design implementation. The
system also includes a 400-watt heater to maintain a constant halon reservoir pressure over the entire
operating temperature envelope for the aircraft, as the reservoir was located in a wheel well area. A
heater had also been part of the inerting system installed on A-6E aircraft.

Preliminary analysis and testing indicated CFs;l was a promising alternative to halon 1301, as it was
initially concluded that only minor airframe system modifications would be required.’”*® However, CF;l
had been previously removed from consideration for use in engine nacelle, APU, and dry bay applications
on DoD aircraft due to toxicity and materials compatibility concerns, as well as due to its relatively high
boiling point.* Subsequent review later concluded that CFsI was inadequate as a replacement for halon
1301 in the existing F-16 system due to its higher boiling point and resultant reduced delivery pressure at
low temperatures.”® Additional conclusions were that:

% CF,l is listed as one of many acceptable halon alternatives for use in unoccupied spaces on the Environmental Protection
Agency’s (EPA) Significant New Alternatives Program (SNAP) list, and a minimum performance standard of 7.1 %
volumetric concentration is being developed for its use for nacelle fire suppression in commercial aircraft, as determined under
the Engine Nacelle Halon Replacement Program conducted by the FAA. That program also developed minimum performance
standards for use of HFC-125 (17.6 % volumetric concentration) and FK-5-1-12 (6.1 % volumetric concentration). Boiling
points for HFC-125 and FK-5-1-12 are -48 °C and 49 °C, respectively.
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Figure 2-22. F-16 Aircraft Inerting System Diagram.*’

e More flight qualification testing would be required on the materials compatibility of CF;l
before it could be recommended as a replacement for halon 1301. CF;l is more chemically
reactive than halon 1301, which could lead to metal corrosion or elastomer failure. It was
indicated that it may be possible to specify materials that could be used in service with CF;l
after such testing.*"

e CF;l is more toxic than halon 1301. It was indicated that under equivalent operational
conditions, it would be considered unwise to replace a chemical with one that is 20 times
more toxic, and that more rigorous toxicity testing of CF3I would provide a more quantitative
estimate of its toxicity in realistic exposure scenarios. ™" *"

Xii

xiii

Xiv

During design evolution of an aircraft and its systems and subsystems, assessment of materials compatibility is typically
completed well prior to conduct of flight qualification testing. The rationale for recommending materials compatibility
evaluation for CF;l as part of flight qualification testing was that it could degrade the fit, form, or function of any of the
components that it contacts, and that it could introduce a contaminant or a degradation product into the fuel tank and fuel that
produces damage. Due to the number of components involved, the extent of attack required to interfere with the operation of
different components could vary. Thus it was assessed that it is virtually impossible to account for all possibilities in a
laboratory and that engineering testing and evaluation would be required before CF;I could be fully qualified for use.

An aircraft fuel tank as well as an engine nacelle or an APU-type compartment is a normally unoccupied space. For such
spaces, this means it is permissible to use fire suppressants whose design or certification concentrations that are in excess of
the Lowest Observed Adverse Effect Level (LOAEL).

The LOAEL, which represents the volumetric concentration of a substance that can induce cardiac sensitization in testing
using beagle dogs, is reported for halon 1301 and CF;I as 7.5 % and 0.4 %, respectively. The 20 factor was derived by the
ratio of the halon 1301 LOAEL to the CF;1 LOAEL (i.e., 7.5/0.4). Though cardiac sensitization LOAEL was one of several
CF;l issues reviewed, the fielding of a suppressant whose LOAEL is significantly below a system certification concentration
is not without precedent in the DoD. USAF C-130J and USN KC-1301J aircraft, which are still being procured as of the
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e The ODP of CF;l is highly dependent upon the altitude and latitude at which it is released. It
was calculated that CF;l usage onboard an F-16 aircraft could be between 13 % and 167 % as
damaging to the ozone layer than use of halon 1301, or, in other words, ozone depletion from
F-16 application of CF;l could be as small as one-eighth that of halon 1301 (at lower
altitudes) or as large as one and two-thirds times as damaging as halon 1301 (at higher
altitudes). However, even for conservative choices, CFsl use onboard an F-16 would be a
Class I ozone-depleting substance if significant amounts are released above 6.1 km
(20,000 ft), and the US Clean Air Act bans use of Class I substances.

Subsequent NGP modeling of ODP associated with the use of CF;l in engine nacelle and APU-type
applications is described in Chapter 7. This study was conducted using the same chemical transport
model, but updated with the latest representation of atmospheric chemistry and dynamics. The results of
the modeling indicated the ozone depletion effects would not be significant for CF;l use in engine nacelle
and APU-type applications.*’

2.3 TYPES OF FIRES EXPERIENCED

Both occurrence and suppression of fire on board an aircraft are probabilistic. Although obvious,
assessment of such probabilities plays a role in determining whether a fire suppression system is
implemented, or if implemented, the type of system, active or passive, and if implemented whether that
system will provide protection under all flight and mission conditions. The level of protection
implemented then becomes a risk trade for the program manager(s) responsible for the development,
production, and fielding of a military aircraft.

Such trades receive additional attention from program managers, since they are most often applied when
considering the need to implement fire suppression systems beyond those normally required by an aircraft
specification for safety (i.e., engine nacelle and APU compartment) or those necessary to achieve desired
vulnerability reduction (i.e., dry bay compartments). In short, such trade efforts are difficult to sell to a
program manager, since they increase aircraft weight, cost, and complexity. It is no surprise that this
would be case, since during the formulation of the NGP strategy it was found that majority of the types of
fires experienced in DoD military aviation, as listed in Table 2-2, were types related to engine nacelle and
dry bay compartment fires. This provided the NGP with an overarching view from which to investigate
further the characteristics of fires within engine nacelles and dry bay compartments.

The primary aircraft design considerations are weight, performance, and cost. Key aircraft performance
parameters (KPPs) include range, speed, and drag, all of which are impacted by weight. The aircraft
program manager(s) and aircraft design engineers are always seeking the lowest weight possible for any
system on the aircraft. For example, established fire suppression system specifications may require a
redundant nacelle fire suppression capability. The reality may be that the aircraft just cannot physically
accommodate the installation of an additional fire suppression agent container, or a risk trade analysis
may be performed to assess the risk of not implementing the additional bottle, which will include a
probabilistic analysis for failure to suppress the fire leading to loss of the aircraft and fatalities (in other
words, what is the risk of not implementing redundancy to save weight). If it is decided to accept that

writing of this book, utilize halon 1211 for engine nacelle and APU fire suppression. The LOAEL for halon 1211 is 1.0 %, or
7.5 times higher than the value for halon 1301. Chapter 6 provides additional information regarding the cardiac sensitization
protocol and the development of physiologically-based pharmacokinetic (PBPK) modeling of potential human exposure to
halon alternative suppressants. Halon 1211 is also a Class I Ozone Depleting Substance (ODS).
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risk, the requirement to provide the redundant capability will be removed or waived. Vulnerability
analyses that effect whether or not dry bay and ullage fire protection are implemented is also probabilistic
— analysis will assess probability of kill (aircraft loss) given a hit. Vulnerability reduction techniques are
assessed for weight and performance, with performance assessed both from the vulnerability reduction
perspective and aircraft performance perspective (for example, is it necessary to design a fuel cell so that
all sides are completely self-sealing, or can weight be reduced by electing to employ self-sealing only on
those sides or a portion of those sides having the greatest vulnerability).

Table 2-2 Tabulation of Aircraft Fire Types.*

Fixed Occupied
System (F) | Compartment
Suppression or Hand- at Discharge
Service Fire Type Location Fuels Time Held (H) (Y or N)
US Army Fuel spray Engine nacelle JP-4 or JP-5 seconds F N
US Army Stack fire APU exhaust JP-4 or JP-5 seconds F N
US Army | Turbine jet Helicopter JP-4 or JP-5 ~5s F,H N
fire engine nacelle
Tri- Explosion Dry bay JP-8, hydraulic ~ 10 ms F N
Service fluid
Tri- Turbine jet | Engine nacelle JP-4, JP-8 ~5s F N
Service fire
USAF Electrical Compartment Plastics <30s H Y
USAF Wall fire Cargo bay Paper, plastics, ~ 5 min F (H) Y
chemicals
USN Fuel spray Engine JP-4, JP-5, seconds F N
JP-8, hydraulic
fluid
USN Fuel spray Crew JP-4, JP-5, <30s H Y
compartment | JP-8, hydraulic
fluid
USN Electrical Crew Insulation, <30s H Y
compartment plastics
USN Turbine jet | Engine nacelle JP-4, JP-5, 10st020s F N
Fire JP-8, hydraulic
fluid
USN Rapid Dry bay JP-4, JP-5, ~ 50 ms F N
growth JP-8, hydraulic
fluid

The relevance of trade analyses that evaluate requirements, weight, and performance relates directly to the
residual fire threat for the aircraft after all design considerations have been addressed to the extent
possible or practicable, e.g., drainage provisions for leaked flammable fluid, separation of fuel sources
from potential ignition sources, tolerance of components to fire or hardening, and fire containment, which
themselves are subject to weight trades prior to or in consideration with implementing fire suppression.
As a precursor to its research activities, the NGP conducted a review to characterize the nature,
frequency, consequences, and severity of fires for which halon-based fire suppression systems have been
fielded on DoD aircraft.** With the knowledge acquired from this review as well as from various studies
conducted during the TDP, studies performed coincident with the NGP and presented at Halon Options
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Technical Working Conferences (HOTWC), and continuing work by the FAA’s Fire Safety Branch and
the International Halon Replacement Working Group (IHRWG), the characteristics of all types of aircraft
fires have been described.”™ The remainder of this chapter discusses fire characteristics for areas
specifically addressed by the NGP, engine nacelles, APUs and dry bay compartments, plus it includes a
similar discussion on ullage fire/explosion characteristics.

2.31 Safety-related Fires

As described in the beginning of the chapter, an aircraft fire is deemed a safety-related fire when it results
from component failures, which may be due to inadequate design, a mechanical failure mechanism such
as fatigue, or maintenance error, and results in either a flammable fluid contacting an always-present
ignition source, €.g., a hot engine case, or the failures themselves provide both the flammable fluid and
the ignition source. These types of fires occur in flight or on the ground. The two most common types
of fire hazard in the engine nacelle are a direct consequence of the means of fuel delivery and the failure
mode that permits fuel to leak, i.e., either a spray fire or a pool fire.'" A mechanical failure in the
component path within the nacelle that provides fuel to the engine can either result in a fuel spray or the
pooling of fuel. Examples of these types of failures are a cracked fuel line, or a fuel line or system
component that was improperly installed and allows fuel to leak. An additional fire hazard associated
with the aircraft engine nacelle is that even after extinguishment is achieved, a strong potential exists for
reignition of the fire from hot surfaces on the engine. Hot surface reignition remains a threat as long as
fuel vapor and air can come in contact with sufficiently hot surfaces. This concern prevails in flight as
well as on the ground during or after engine shutdown. After engine shutdown, for a brief period, the
engine case temperature and nacelle free volume temperature can actually increase due to engine
temperature soak-back effected by removal of ventilation airflow that would occur with the engine
operating. It is possible then that a small leak, which does not result in an in-flight fire, could result in a
nacelle fire on the ground during engine shutdown. If the compartment is wetted with the flammable
fluid, or if the fluid has pooled, the resulting ground fire event can impart extensive damage.

Given that dry bays may contain flammable fluid carrying components, such as fuel and hydraulic lines
and hydraulic fluid reservoirs, and potential ignition sources such as bleed air ducts, safety-related fire
events may also occur in these compartments. Even though the probable majority of dry bay fires over
the lifetime of a particular military aircraft will result from ballistic threats, other events can result in a
dry bay fire, such as an overheated electrical generator, arcing generated by failed electrical circuits or
wiring, or damage induced by some other form of impact such as a bird strike.

In-flight Fires

In-flight engine fires can result in catastrophic loss of an aircraft and fatalities if the aircraft has only a
single engine, or if there are multiple engines and the fire goes undetected and suppression is not
attempted until the fire has effected damage to the aircraft that results in loss of lift or thrust or the aircraft
fails to execute a safe landing, or if the nacelle fire suppression system cannot suppress the fire even if
activated immediately after a fire warning is provided to the pilot and there is subsequent catastrophic
damage or failure to execute a safe landing. A qualitative assessment of pilot reaction was conducted by

*¥ As of the writing of this book, information related to work conducted by the FAA Fire Safety Branch and the IHRWG can be
found at http://www fire.tc.faa.gov.
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the NGP and estimated that 95 % of the time pilot reaction was characterized as normal, meaning that the
pilot response followed typical emergency procedures for effecting agent release without delay. After
receipt of a fire warning, the pilot isolated the affected compartment to remove fuel flow to that
compartment, armed the fire suppression system, confirmed that the fire warning persisted and had some
secondary indications of the fire condition, and then discharged the suppressant into the compartment.**
During the TDP, extensive review of fire incident and mishap data was conducted to evaluate effectivity
of currently fielded halon 1301 fire suppression systems aboard USN aircraft.***® That review revealed
that 55 % of fixed-wing fire events occurred in flight, yet for rotorcraft only 35 % had occurred in flight.
An additional significant finding was that in-flight effectivity of the nacelle halon fire suppression
systems was 76 % for fixed-wing aircraft, yet just 47 % for rotorcraft. It is important to bear in mind that
these percentages are overall numbers for each of the aircraft types. However, they infer that the different
nature of fixed-wing and rotorcraft designs and the missions these aircraft are required to fly influence
different fire threats from an operational safety perspective.

The most surprising finding in these studies was that related to the redundant fire suppression capability
on most rotorcraft and several fixed-wing aircraft. For rotorcraft, it was found that this capability was not
utilized frequently, and when utilized it was successful in suppressing fire less than 10 % of the time.
Usage on fixed-wing aircraft was also infrequent, except on P-3 aircraft.”’ In those cases, the reserve
capability was successful 67 % percent of the time. The rationale derived from the rotorcraft events was
that as a fuel-fed fire continues to grow after the first discharge, it is not likely that there would be
successful suppression by the time the pilot effects the second discharge, which is delayed since the pilot
has spent time coping with the emergency.*’” This rationale has been applied to support implementation of
non-redundant halon-alternative nacelle fire suppression capability on the USN UH-1HY and AH-1Z
rotary aircraft models. (However, no rationale is provided in the USN fixed-wing analysis that describes
the 67 % success rate of the redundant capability on P-3 aircraft.) Contrasting the USN effectivity
analysis was analysis performed by the U.S. Army, where frequency of use and effectivity of the
redundant fire suppression capability on their rotorcraft between 1985 and 1995 indicated an overall
higher percentage of in-flight nacelle fires on aircraft with nacelle fire suppression systems and a much
higher effectivity of the redundant fire suppression capability.**’ Given that Army and Navy analyses
included similar model rotorcraft, these outcomes suggest that service-specific missions may have an
impact on nacelle fire occurrence and the ability to suppress nacelle fires for similar aircraft models. As
of the writing of this book, it is planned to revisit and update the U.S. Army and USN data in support of
halon alternative nacelle fire suppression efforts under a joint U.S. Army-USN program for H-60 model
helicopters (i.e., U.S. Army Blackhawk and USN Seahawk helicopters).”

Ground Fires

Aviation mishap data from the DoD safety centers typically classify mishaps by whether the mishap
occurred in flight; if not in flight then whether intent for flight existed; or whether the mishap occurred on
the ground and there was no intent for flight, such as during a ground maintenance engine turn operation.
Fire mishaps that fall into the intent-for-flight-existed category typically occur on the ground (e.g., a
rotorcraft engine nacelle fire that occurs during rotor turns prior to takeoff). Also, fires that occurred on
aircraft while on a ship’s deck were also considered as ground fires. Both nacelle fires as well as internal
engine fires have been experienced within the DoD. An internal engine fire can occur during startup or
shutdown and may be a result of improper procedures, a component failure, or severe ambient conditions
such as high winds while at sea. In the case of improper starting procedures or severe ambient conditions,
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the engine does not ignite properly during startup and excess fuel is dumped into the engine combustor.
The fuel can be blown into the turbine and tailpipe, subsequently igniting. In the case of a mechanical
failure, a fuel line may rupture, a pressure and drain valve may fail, or the engine bearings may fail. Fuel
can accumulate in the combustor, turbine, or tailpipe and may subsequently ignite. These internal fires
are colloquially referred to as tailpipe fires.”'

The reviews described in the previous paragraph revealed that 65 % of rotorcraft fires occurred on the
ground, whereas for fixed-wing aircraft this number was 45 %, and the aggregate effectivity of the nacelle
halon fire suppression systems was similar for each aircraft category: 65 % for fixed-wing aircraft and
64 % for rotary aircraft. APU fires occurred primarily on the ground, and their frequency of occurrence
was noted to be far less than that for nacelle fires. Effectivity of halon fire suppression in APU
compartments was even higher, though fire events were indicated for two aircraft platforms only — 100 %
effectivity was found for P-3 APU fire suppression, and 75 % for H-53 APU fire suppression. Similar to
ground nacelle fire suppression events, there is reduced or minimal airflow within an APU compartment
during a fire suppression event.

Effectivity vs. Optimization vs. Over-design

The extension of the preceding to the NGP relates to its efforts in the development and validation
computational fluid dynamics (CFD) models for nacelle fires and nacelle fire suppression. Those efforts
considered the complex physics of fire, suppressant discharge and transport, the effects of compartment
clutter on transport and distribution, and the effects of ventilation airflow on the behavior of fire and
suppressant distribution. That effectivity of current nacelle halon fire suppression systems would be
lower for in-flight events correlates with the NGP focus to develop CFD modeling capabilities to
optimize nacelle fire suppression system designs for the dynamics of in-flight conditions. The need for a
design optimization capability cannot be overstated when considering that even with halon 1301 as the
suppressant and normal pilot reaction to effect agent discharge, the overall effectivity of halon 1301
nacelle fire suppression systems was still less than 80 %. It is this dichotomy that challenges an
overarching assertion formulated during the TDP and that has prevailed during the NGP that halon 1301
nacelle fire suppression systems are over-designed. Rather, whether a system is either over-designed or
not optimized is more appropriately assessed on an aircraft-by-aircraft basis. In any event, the CFD
capability developed under the NGP provides a tool for use in conducting such assessments.

2.3.2 Ballistically-induced Fires

Fires that relate to aircraft survivability are those that are ballistically induced, usually during enemy
combat. That combat projectiles could induce fire within an aircraft dry bay or fuel tank ullage with
catastrophic results has never been unique to U.S. military aircraft. Imperial Japanese Navy design
policies during the later part of World War II not only required carbon dioxide (CO,) for nacelle fire
suppression, but also for protection of fuel cells and alcohol tanks on aircraft; and structural spaces
surrounding fuel cells were to be air tight, structural and weight limitations permitting. The CO, systems
protecting fuel cells were to be automatic, and because of combat experience in which hits on aircraft
with alcohol tanks resulted in fires, an automatic CO, system was to be implemented for the spaces
surrounding the alcohol tank, i.e., a reactive dry bay fire protection system; a pilot-activated system was
to be implemented for discharge into the tank itself.> There is evidence that a concept for implementing
active dry bay fire protection was being pursued by the Imperial Japanese Navy at the latter stage of
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World War II (Figure 2-23) and was planned to be an automatic system utilizing CO, as the fire
suppression agent. What was being investigated then still applies today, in that aircraft remain vulnerable
to ballistically-induced fires in dry bays and in the fuel tank ullage. These types of fires are summarized
below without the intent of describing all of the damage effects that could be effected by a ballistic
projectile or without describing the functioning characteristics of various projectiles. Though it is
possible for a ballistic projectile strike into another compartment to effect a fire, e.g., within an engine
nacelle, dry bays and the fuel tank ullage remain the most vulnerable to ballistically-induced fires.
Taking into consideration that a delay of only several hundred microseconds may occur before an HEI
projectile functions after impact, the response time of any reactive ullage or dry bay protection system to
detect the combustion event is typically on the order of microseconds. Whether this delay is longer is a
function of several variables, including the thickness of the aircraft material that the projectile must
penetrate and impact obliquity angles.*
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During aircraft dry bay live fire testing, the effects of wet-to-dry and dry-to-wet penetrations into the
aircraft are characterized as follows. The wet-to-dry penetration is one in which the projectile first
penetrates a fuel cell, travels through the fuel, and exits into dry bay. As the ballistic projectile travels
through the fuel it creates an overpressure in the fuel cell. During exit, fuel may either leak or mist and
can be ignited by hot spall; by pyrophoric, incendiary or tracer components of the projectile; or by an on-
board ignition source, such as such as hot gases from penetrated bleed air lines, hot metallic surfaces (e.g.,
surfaces of bleed air or other hot gas ducts), or arcing electrical lines. The dry-to-wet penetration is one
in which the projectile first enters into the dry bay and then penetrates either a fuel cell or a flammable
fluid carrying component resulting in either leaking or misting fluid, or spall from the projectile will
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damage such components sufficiently to effect a leak or mist, particularly if the damage to a system or
component is one that operates at high pressures. In either case, fluid entering the dry bay can be ignited.

Ullage

Various ideas to describe the ullage combustion by an electrical discharge are all based on the notion of a
critical flame kernel or bubble. Experiments reveal that the initial disturbance created by the electrical
discharge must exceed a minimum volume in order for the flame to become self-sustaining. Experimental
observations show that this volume is often toroidal in shape for a spark generated between bare
electrodes. Ullage ballistic testing performed by the USN described the ullage combustion process as
two-stage, free-radical, branched-chain reactions, depending upon the ignition source. For a spark
ignition source that is produced by a component failure within the ullage, it was described that in the first
stage a seed of free radicals is produced, which in turn produces a blue flame front throughout the ullage
fuel vapor/air mixture. That mixture then transitions rapidly to the second stage in which free radicals
react with one another and produce a stable though accelerating set of molecules that are the products of
combustion and can lead to explosion. This process can take place within a few hundred milliseconds, as
depicted in Figures 2-24 and 2-25."" The functioning of an HEI ballistic projectile within the ullage will
cause a violent reaction that, instead of a two-stage reaction, directly produces the products of
combustion.”

(a) before spark (b) 17 ms after ignition (c) 34 ms after ignition

Figure 2-24. Ignition and growth of a flame in 7 % H2, 1.4 % C3Hs Jet A Simulant Mixture at
295 K (22 °C) and 84.1 kPa (0.83 atm).*

2.3.3 Spray Fires

A cracked high pressure fuel, lubricant or hydraulic fluid line, or a cracked flammable fluid system
component, such as a motor housing, can supply a steady spray of fuel for a fire stabilized behind
obstacles in an engine nacelle. Small droplets quickly evaporate, and the momentum from the spray
efficiently entrains the air necessary for combustion. The fuel-air mixture is ignited when it contacts a hot
surface, or the mechanism that effected the failure mode can provide the ignition source, such as arcing
onto a flammable fluid line as can occur when an electrical harness chafes against the line.

* For the process depicted in Figure 2-25, the spark source was a J-37 engine igniter that produced a spark from a capacitance
discharge of 19 J of energy. The photographs in Figure 2-25 were provided by the Naval Air Warfare Center Weapons
Division, Aircraft Survivability, and are reprinted with permission of the Naval Air Systems Command.
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(a) 0 seconds (b) 7.5 ms after ignition (c) 15 ms after ignition

(d) 22 ms after ignition (e) 30 ms after ignition (f) 37.5 ms after ignition

_1

(j) 117.5 ms after ignition (k) 140 ms after ignition () 375 ms after ignition

Figure 2-25. Spark-Initiated Ullage Combustion Process.
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Extinguishment of the burning spray can occur if a critical amount of suppressant entrains into the
combustion zone, or if the flammable fluid flow is cut off, thereby reducing the pressure effecting the
spray, and the combustion is allowed to starve, or the combination of reduced flammable fluid flow and
ventilation airflow provides sufficient strain. In addition to the flammable fluid system pressure and
ventilation airflow, spray fire flame stability may also be influenced by ventilation airflow temperature,
the type of flammable fluid, and the fire suppressant type.

2.34 Pool Fires

A pool fire can occur if failure of a flammable fluid line or component releases sufficient quantity of
flammable fluid, which cannot drain away from the compartment and thus collects to form a pool.
Ignition may occur by contact with a hot surface or by the mechanism that effected the failure mode,
which could include a ballistic projectile. If there is ventilation airflow, such as within an engine nacelle,
the stability of a pool fire can be greatly enhanced if an obstacle at the leading edge of the pool is present.
In some nacelle configurations, obstacles in the form of structural ribs or other bluff bodies are present at
locations where combustible liquids may puddle and fail to drain in a timely manner. Pool fire flames are
believed to have a premixed structure and are more stable than the diffusion structure of spray flames, and
both types of flame are believed to be less stable (more easily extinguished) at high airspeeds.
Figure 2-26 depicts the sequence of events leading to a stabilized pool fire within a dry bay compartment
having relatively low ventilation airflow.

Ballistic round incendiary flash Ignition of vaporized and pooled fuel Residual stabilized pool fire
effected by penetration into the dry and fuel-air mixture combustion
bay

t .

Figure 2-26. Stabilized Pool Fire Formation within an Aircraft Dry Bay Compartment.

Lab-scale fire suppression tests have shown that the stabilizing effect of a baffle in front of a pool fire can
be very significant. Test results show that under similar airflow and baffle height conditions, a baffle-
stabilized pool fire is dramatically more difficult to extinguish than a baffle-stabilized spray fire where the
baffle is located in the middle of the flow field. Nacelle fire testing performed by the CAA and then later
during the TDP has shown that occluded pool fires are more difficult to suppress than spray fires. The
CAA reported that suppression mass quantity greatly increased with the presence of transverse structural
ribs situated in the lower part of nacelles tested. This was attributed to difficulties in extinguishing pool
fires between structural ribs. Later testing of three nacelle fire scenarios, fuel spray fire, burning of fuel
as it flows as a thin film over a hot surface, and a burning pool of fuel, showed that greater suppressant
concentrations were required for the hot surface and pool fire conditions than for spray fires.”> That
greater suppressant concentrations were required to suppress pool fires was again reconfirmed during the
TDP in which it was found that stability of pool fires required larger suppressant concentrations and
longer characteristic suppressant mixing times to achieve suppression due to recirculation zones. Pool
fires were again found more difficult to suppress than spray fires during a nacelle fire test program for the
USAF F-22 aircraft.”
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2.3.5 Fire Characteristics

Flame Temperature

The fire triangle and fire pyramid are often used to describe the basic components of fire. In the fire
triangle, the three sides are typically indicated as fuel (or substance that will burn), oxygen, and
temperature (i.e., sufficient heat to initiate and sustain combustion). The four surfaces of the pyramid
indicate a fourth component: chemical chain reactions involving free radicals, which are necessary for the
reaction (hence combustion) to be sustained. For hydrocarbon fuels (which include aviation fuels), the
reaction is usually written as Fuel + O, — H,O + CO,. The net heat release for the reaction is referred to
as the heat of combustion, and this can be used to estimate the maximum possible flame temperature, or
the adiabatic flame temperature.’’ The net heats of combustion for JP-4, JP-5 and JP-8 aviation fuels used
on DoD aircraft are within the range of 40 kJ/g to 45 kJ/g. As illustrated in Figure 2-27, the maximum
flame temperature occurs when the equivalence ratio is one. The equivalence ratio is the actual fuel-air
ratio divided by the stoichiometric fuel-air ratio. The fuel-air ratio is simply the ratio of the mass of fuel
supplied to the mass of air supplied. In stoichiometric combustion, there is complete conversion of
carbon and hydrogen to CO, and H,0, with no leftover oxygen. Thus, the stoichiometric fuel-air ratio is
the ratio of the mass of fuel supplied to the mass of air supplied for which the stoichiometric condition is
satisfied.

Maximum Adiabatic Flame Temperature

at Equivalence Ratio =1 Actual Flame Temperature

(Note that the maximum flame
temperature is on the rich side

Adiabatic Flame Temperature Curve of stoichiometric.)
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Figure 2-27. Flame Temperature vs. Equivalence Ratio.*®
(Reprinted with permission by AFP Associates, Inc.)
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In reality, the adiabatic flame temperature is not attained, particularly for highly-ventilated compartments
such as engine nacelles as well as for dry bay compartments, as they may also be ventilated and have
leakage (i.e., they are not completely sealed — openings such as drain holes may be present). Also,
complete combustion of leaking fuel is not assured in the event a fire occurs in nacelle or dry bay
compartments. It is not uncommon to find residual fuel or hydraulic fluid in these areas after a fire event.
Thus, as illustrated in Figure 2-27, the actual flame temperature will be less than the adiabatic flame
temperature, but the maximum flame temperature occurs on the fuel-rich side of an equivalence ratio of
unity, as greater fuel mass available results in greater energy and heat release.

In work to determine the spectral characteristics for fire detection by optical fire detectors, it was shown
that ultraviolet emissions from JP-4 flames increased with increasing altitude and that the ultraviolet (UV)
power emitted at 10.7 km (35,000 ft) by the burning fuel was nearly double that emitted at sea level.
Thus UV detection must be sensitive for the sea level condition. The power emitted at visible and near-
infrared wavelengths decreased at higher altitude. Thus visible/near infrared detection must be sensitive
at high altitude. The visible/near-infrared emission spectra are due to hot carbon particles in the diffusion
flame, while the energy emitted at ultraviolet wavelengths is associated with the electronic transitions of
free radicals in the flame. It is believed that as altitude is increased (and pressure decreases) the reduction
in the available oxygen to sustain the combustion process may result in an increase in the density of these
radicals, and thus stronger emissions of the ultraviolet radiation. In contrast, the reduction in oxygen
pressure, as occurs with increasing altitude, may reduce the flame temperature and thus the intensity of
the visible/near-infrared radiation emitted by the carbon particles.” Typical hydrocarbon flame and
burning JP-4 fuel emission spectra are shown in Figure 2-28.

The relevance of the preceding discussion is that requirements for fire tolerance, thermal fire detection,
optical fire detection, and ultimately fire suppression are related to temperature (and exposure at that
temperature). Fire zone components are required to withstand exposure to a minimum flame temperature
of 1093 °C (2000 °F) and minimum heat input (heat flux density) of 9.3 Btu/ft>-s (10.6 W/cm®) for
15 min. This temperature is also the DoD fire warning requirement threshold for continuous-loop thermal
fire detectors used in many engine nacelles and APU compartments for fire detection, whereas optical fire
detection for dry bay compartment fires are typically sensitive to the 4.3 um wavelength (i.e., the CO,
spike) associated with JP-type aviation fuel fires.

Deflagration vs. Detonation

Deflagrations and detonations are distinguished by flame front velocity. Detonations involve supersonic
burning velocities and are more likely to occur in oxygen than in air, whereas deflagrations are
characterized by subsonic burning velocities.”” Research and testing has clearly proven that nacelle, dry
bay, and ullage fire events are deflagrations. Detonations and deflagrations may or may not lead to a
(sustained) fire. When the combustion rate of energy release is rapid and there is a large increase in
pressure, referred to as overpressure, it may be sufficiently large enough to damage or destroy portions of
the aircraft structure and is referred to as an explosion. Aviation fuels typically deflagrate with
overpressures normally less than 1380 kPa (200 psi).* In one series of ullage fire testing conducted at a
simulated high altitude, with a pressure of 58 kPa (8.4 psia) and 21 % oxygen, an initial flame velocity
measure from film was observed to be 3.35 m/s (11 ft/s).”> If a combustion wave propagates throughout
the ullage with near stoichiometric fuel/air mixture, a pressure increase of over 790 kPa (100 psig) or
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eight times atmospheric pressure is theoretically possible.” Photographic evidence from full-scale dry
bay testing indicates that turbulent flame speeds are below 300 m/s (984 ft/s).*""
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Figure 2-28. Hydrocarbon Flame Emission Spectra.
(1800 K = 1527 °C = 2780 °F)

*il The speed of sound is 340.29 m/s at sea level.
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Turbulence

Turbulence within an aircraft engine nacelle or dry bay compartment is influenced by a variety of factors.
The obvious is ventilation airflow through the compartment. The geometry of the compartment will also
influence whether there are localized regions of higher ventilation airflow velocity, recirculation, or
stagnation. Structural members (ribs, frames, longerons), subsystems equipment (engine and accessory
components, bleed air ducts, flammable fluid components and lines, electrical components and
harnesses), and mounting hardware (clamps, brackets), collectively referred to as bluff bodies or clutter,
will effect complex flow fields within nacelle or dry bay compartments and also provide locations for
flame holders or pooled fuel. Estimation of the increase of the Reynolds Number as change occurs in a
recirculation zone of premixed gases burning in the wake a bluff body was known previously to support
turbulence conditions.”> (The Reynolds Number is used for determining whether flow is laminar or
turbulent.) Estimation of the Reynolds Number at the air inlet of an engine nacelle indicates this area to
be highly turbulent even prior to consideration of clutter-enhanced mixing.*> Though ventilation airflow
through an engine nacelle may be assumed to be longitudinal throughout the annular volume, it is also
possible that ventilation airflow will in some places be found to be circumferential about the engine and
even contain areas of reversed flow. An engine nacelle fire is typically a turbulent diffusion flame
stabilized behind an obstruction in a moderately high-speed airflow that was typically found to range
from 0.57 kg/s (1.25 Ib/s) to 1.25 kg/s (2.75 1b/s).*

The primary design purpose of ventilation airflow through a nacelle is to provide cooling for the engine to
ensure desired engine performance and not degrade operation of other subsystem components located in
the nacelle, though in the case of the F-111 aircraft the nacelle design imparted unidirectional ventilation
airflow to also prevent flame propagation as well as remove flammable vapors.”> The number of air
exchanges per unit time (volumetric air flow divided by net volume) depends on the aircraft design and
may be as high as one per second.* Though nacelles are unique for each aircraft, the intended forward-
to-aft nacelle ventilation airflow characteristic is typical. Dry bay compartment sizes, ventilation
requirements, and geometries differ greatly from aircraft to aircraft, and thus turbulence within a dry bay
compartment may or may not be more complex than within an engine nacelle. Figure 2-29 provides a
contrasting example of this when compared to Figure 2-26. Both depict fires within a dry bay
compartment. Whereas Figure 2-26 suggests a relatively benign turbulent environment, Figure 2-29
provides an example of a highly turbulent environment.

Turbulent flame within a dry bay Turbulent flame about and pool fire below
compartment. ruptured fuel line within a dry bay.

Figure 2-29. Turbulent Fire within Aircraft Dry Bay Compartments.
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The same physical and environmental characteristics that contribute to turbulence will also influence
flame strain, suppressant distribution, and suppressant effectiveness (and dilution), as the time required
for an agent to entrain into the recirculation zone is a key parameter in the effectiveness of suppression
with respect to baftle-stabilized flames. In computational fluids dynamics (CFD) modeling and model
validation testing performed by the NGP, success or failure in extinguishing nacelle fires was largely
correlated with the ratio of the rate of injection of suppressant to the total inflow rate into the nacelle (that
is, ventilation airflow plus suppressant flow). For a suppression system that is not an optimized design (it
is possible for an un-optimized system to pass a certification test), turbulence can effect inhomogeneities
and failure to suppress a fire. If regions of the flow field exist where the suppressant concentration is
locally below the value that leads to suppression, there can be failure to completely suppress a fire, since
small pockets of fire can quickly propagate through the remaining premixed gases in the nacelle leading
to accelerated burning under certain conditions and catastrophic results.**

2.3.6 Aircraft Operational Temperature Environment*

As discussed previously, temperature is the primary basis of current aviation requirements for fire
detection and component tolerance to fire. Temperature is also a variable with regard to the potential for
ignition of a fuel-air mixture, the amount of energy to ignite a flammable mixture, suppressant
performance capability, and, in the case of hot surfaces within an engine nacelle, reignition, which is
discussed separately in this chapter. Given a constant initial pressure, it has been established previously
that a non-flammable fuel-air mixture may become flammable for some period of time if its temperature
is elevated sufficiently.”” Additionally, as shown in Figure 2-30, it had been established previously for
halon 1301 that the peak flammability limit, the suppressant inerting concentration in air at which no
mixture of fuel and air is flammable, can increase with temperature.® ' Lab-scale testing during the
TDP with halon 1301 and several halon alternative suppressants also indicated similar trending as shown
in Figure 2-31."

8

Figure 2-30. Variation in Halon
5 | 1301 Peak Flammability Limits
for Isobutane

with Temperature.
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il The certification requirement for halon-1301-based nacelle fire suppression systems is suggested to be founded, per
Reference 132, on the 6 % inerting concentration determined by the Purdue Research Foundation, whereas halon-1301-
based fuel tank inerting systems have been designed to maintain even higher concentrations (e.g., 20 %).
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Figure 2-31 Variation in Halon 1301 and Three Halon Alternative Mass Fractions (Beta)
Required to Suppress JP-8 Spray Flames with Temperature.™
(Beta is the ratio of the mass flow of the suppressant to the total flow of suppressant and air.)

What were not established until the NGP was the correlation of historical fire experience with outside air
temperature (OAT) and altitude and how that correlates with suppressant low-temperature requirements.
The temperature data that was previously indicated as design requirements but is currently promulgated as
design guidance to define the low and high temperature extremes for DoD aircraft systems are world-
wide air environments (WWAE), which represent conditions having a 1 %, 5 %, 10 % and 20 %
frequency of occurrence.”” In commercial aviation, standard climate profiles from the Joint Aviation
Regulation (JAR) define temperatures based on arctic, temperate, tropical, intercontinental, and standard-
day conditions.”® (Note: there is no design guidance or DoD/JAR climate profile for altitude
environments below 60 degrees south latitude, the Antarctic.) Figure 2-32 plots these climates vs. the
WWAEs used for DoD acquisition programs. Figure 2-33 depicts the worldwide land environments
provided as design guidance for DoD aircraft systems, which categorizes four land environment types:
basic, hot, cold, and severe cold.®’

The relevance of the aircraft temperature envelope requirement to on-board fire suppression systems that
utilize a chemical suppressant, i.e., the engine nacelle and APU fire suppression systems on DoD aircraft,
is that the low temperature extreme defined for the envelope has historically been applied to substantiate
the boiling point requirement for the fire suppressant, which is predominantly halon 1301. Thus in the
context of the WWAEs, a boiling point requirement based on halon 1301 would provide for in-flight fire
suppression under atmospheric conditions down to temperatures consistent with arctic-like temperature
conditions.
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Figure 2-32. Commercial Aviation Standard Climates vs. DoD WWAE Design Guidance.
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Figure 2-33. DoD Land Environment Design Guidance.®’

With regard to ground fire suppression, land environments indicated as cold or severe-cold climates are
the likely environments in which cold-soak conditions prior to aircraft startup would exist. The DoD
design guidance indicates a low-temperature 1 % frequency of occurrence of -46 °C (-50 °F) for cold land
environments and a low-temperature 20 % frequency of occurrence of -51 °C (-60 °F) for severe-cold
land environments. Designers of legacy aircraft would develop fire suppression systems whose
requirements were tailored to halon 1301 properties to likely assure fire suppression performance at such
temperature conditions.

Boiling point (or Ty,) of a fire suppression agent has been used as one of the criteria to guide the search for
new halon alternative chemical fire suppressants during the NGP.* Currently, this criterion is -40 °C
(-40 °F). It was also one of the parameters considered during the TDP, which identified HFC-125 as the
best near-term alternative to halon 1301 for use in aircraft nacelle fire suppression system applications.
However, even during the TDP it was recognized that, when operational contexts were considered such as
the likely temperature environment within an operational engine nacelle at the time of suppressant
discharge, the typical low temperature performance requirement could be a candidate for a performance
trade. Minimum nacelle operating temperatures were indicated to range from below -18 °C (0 °F) in
commercial aviation to 38 °C (100 °F) in DoD aviation.”” A subsequent review of nacelle compartment
airflow temperature data for a variety of aircraft platforms, including a commercial transport aircraft,
indicated temperatures ranging from -18.5 °C (-1.3 °F) to 274 °C (525 °F).”"">7*™75 Though this data
may not address every operating environment, they suggest that even at low outside air temperatures
(OAT) it is probable that the typical operational engine nacelle compartment temperature will be greater
than -40 °C (-40 °F).
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For decades, high T, suppressants have been used in military aircraft nacelle fire suppression systems. In
addition to halon 1011 on C-130 aircraft, this also includes halon 1202 on C-5 and previously on F-111
aircraft, which are now retired.”® Since the signing of the Montreal Protocol, at least two high T, halon
alternative agents have been fielded outside the DoD.**””"® Successful implementation and history of
high T, suppressants is likely attributable to several factors such as (1) the fact they are brominated
halogens, (2) elevated nacelle operating temperatures, (3) applications that may benefit from the high T,
characteristic, e.g., single-phase flow in long distribution runs, (4) freezing points well below
temperatures likely to be experienced on ground and at altitude, and (5) distribution system design that
ensures adequate distribution throughout the nacelle. This last factor was also emphasized and applied in
the development of the F/A-18E/F HFC-125 nacelle fire suppression system.”” HFC-125 is a low boiling
point fire suppressant. The obvious conclusion is that both low- and high-boiling-point suppressants are
likely to realize higher probability of success when distribution is optimized. Chapter 8 discusses
additional factors identified during NGP CFD experiments and modeling that need to be considered
relating to suppressant delivery and evaporation.

Analysis of military aircraft experience regarding release of nacelle fire suppressants was conducted
during the TDP, the purpose of which was to quantify halon discharges at altitude and for evaluating
discharge frequency and quantity of agent discharged below and within the ozone layer.** Combining
both fixed-wing and rotary aircraft discharges that analysis indicates:

e Approximately 77 % occurred between 0 km and 3 km (0 ft and 10,000 ft), and about 92 %
occurred between 0 km and 6 km (0 ft and 20,000 ft).

e Over 60 % of all discharged suppressant was accounted for by only three of the 30 military
aircraft platforms covered by the study. These three platforms (C-130, F-15, and P-3) have
altitude ceilings that extend above 6 km (20,000 ft) but were contributors to the frequency of
discharges below 3 km (10,000 ft).™

e Over 25 % of all suppressant discharged was high-boiling point suppressant (i.e., halons 1011
and 1202).

Prior to the NGP, an operational context that had not been investigated was whether temperature
conditions at the time of agent release correlated with the typical boiling point temperature requirement.
These include OATs, nacelle operating temperatures, cold-soak temperature conditions and cold climatic
extremes. Based on review of nacelle compartment airflow temperature data for a variety of aircraft
platforms, it was reasonable to assume that nacelle compartment temperatures are well above boiling
points of fielded nacelle fire suppression agents. When considering that historic release of nacelle fire
suppression agents has typically occurred below 6 km (20,000 ft), with over 75 % occurring below 3 km

*X These agents are phosphorous tribromide (PBr3), which has a Tb of 173 °C, and triflouroiodomethane (CF;I), which has a Tb
of -22.5 °C. PBr; is installed for nacelle fire protection on Eclipse 500 commercial aircraft, which are small commercial jet
transport aircraft, and CF;l is installed for nacelle and APU fire protection on Royal Australian Navy SH-2G rotary aircraft.
The CF;l system is similar to a halon 1301 system in its implementation in that the suppressant is distributed throughout the
nacelle by means of remotely-contained storage bottles and plumbing. The PBr; system implementation is different:
suppressant discharge is targeted to the flame holding regions within the nacelle, which were identified through analysis and
test, per Reference 77. Considering nacelle operating temperature environments, which are described later, and boiling points
of each suppressant, CF;1 will likely be vaporized where as for PBr; the heat from a fire will effect vaporization.

The aircraft platforms in the TDP study, Reference 80, that each accounted for at least 5 % of discharged suppressant were the
P-3, C-130, F-15, F-111, C-5, C-141, and A-10 platforms, all fixed-wing aircraft. Review of the data utilized for the
reference [44] study found similarly that the aircraft platforms each accounting for at least 5 % of discharged suppressant
were the P-3, C-130, C-5, A-10, F-15, F/A-18, and F-111, and in general that fixed-wing aircraft accounted for 85% of all
suppressant discharged.

XX
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(10,000 ft), and that the likely occurrence of fire while either cold soaked or while in cold climatic
extremes is likely a low probability event, the likelihood of not extinguishing a nacelle fire after
suppressant release and realizing a catastrophic event under such conditions suggests strongly that the
combination of these events has a low probability. The implication of the preceding is that selection of a
fire suppressant whose boiling point is compatible with cold soaking or a cold climatic extreme results in
a protection capability against events whose likelihood of occurrence has a very low probability, and that
halon alternative suppressants with higher boiling points are not likely to appreciably increase risk under
such conditions. These preceding assertions provided the NGP with the impetus to perform the following
efforts:

e Obtain and review aviation Safety Center fire incident data to extract, if possible, altitude
and/or outside air temperature (OAT) information that would permit characterization of OAT
conditions during which suppressant release has historically taken place. Based on this data,
it may be possible to assess probability of suppressant release under conditions that are likely
to be well above a suppressant’s boiling point.

e Construct and validate an in-flight nacelle air temperature model to estimate likely nacelle
compartment air temperature for given altitude, outside air temperature, general engine
surface temperatures, and aircraft airspeed conditions. Such a model would be useful in
allowing system designers to assess compartment temperatures at altitude relative to a
suppressant’s boiling point.

e Evaluate implications of aircraft cold-soak conditions, particularly during aircraft takeoff.

e Assess safety risk, considering the findings in the preceding elements, of utilizing a fire
suppressant whose boiling point is much higher than of those agents commonly fielded today
in military aircraft (i.e., halon 1301).

DoD Safety Centers Fire Incident/Mishap Data

A review conducted within U.S. Army aviation of rotary aircraft fires between 1985 and 1995 had found
that the lowest outside air temperature (OAT) reported was 0 °C (32 °F) and the highest reported was
35 °C (95 °F).*' This review concluded that the only time a -50 degree temperature would remotely be
encountered is at extremely high altitude or in extremely remote northern/southern areas of the earth.™
The use of the term “remotely” has significance in that within DoD it relates to the rate of hazard
occurrence. During the time period of the U.S. Army study, the aggregate rate of occurrence of in-flight
rotary aircraft fires was 4.9 per million flight hours, a remote rate of occurrence. Thus the likelihood of a
nacelle fire occurring at lower outside air temperatures or in an extremely cold environment and resulting
in loss of aircraft would likely be even lower (improbable).™

Aviation fire incident data was obtained for the years 1980 through 2002 from the U.S. Army, Navy and
Air Force Safety Centers. Table 2-3 summarizes the number of mishaps and incidents provided by the
Safety Centers. (Note: the counts in Table 2-3 reflect incidents categorized by the DoD services as
mishaps as well as lesser severity events or incidents.) The data was reviewed to determine whether

*i The final memorandum did not indicate whether the temperature threshold considered was -50 °C or -50 °F.

i The terms remote and improbable are categories of hazard probability as described in DoD specification MIL-STD-882D,
Standard Practice for System Safety. These terms may be described either qualitatively or quantitatively. Assigning a hazard
probability category based on aircraft flight hours is one method per MIL-STD-882D of describing a probability
quantitatively.
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suppressant release occurred and to identify the altitude and OAT associated with each release. Only
suppressant releases associated with discharge of systems protecting nacelle and APU compartments were
considered. Combat-related events, or direct-enemy action events, are typically not provided by the DoD
Safety Centers, and if they are provided they only contain limited information. For mishaps and incidents
that provided altitude data but did not include temperature data, the International Civil Aviation
Organization (ICAO) standard atmosphere model was applied to estimate OAT. For mishaps and
incidents without altitude and temperature information, the methodology applied was that used during the
TDP for assuming flight altitude based on aircraft flight phase from the previously-described discharge-
at-altitude analysis.

Table 2-3. Number of Mishaps and Incidents.

Service
Aircraft Type Army Navy Air Force
Fixed Wing 88 1,212 3,932
Rotary 465 834 98

Mishap and incident data was first reviewed for the geographic locations where fires and suppressant
releases occurred. Table 2-4 summarizes the results of this review, which was performed to assess
occurrence of fire in the cold or severe-cold land environments of Figure 2-33, for incidents occurring on
the ground, and to assess occurrence of fire for incidents occurring in flight or characterized as in-flight
for aircraft operating nearest to locations in those cold or severe-cold environments.

Table 2-4. Percentage of Fire Mishaps and Incidents Occurring
in Geographic Cold or Severe-Cold Environments.

Service
Event Phase Army Navy Air Force
Ground 0 1.5% 1.1 % (a)
In-Flight <1% <1% 2.7 % (b)

(a) From data categorized as ground fire mishaps and incidents only.

(b) From data categorized as in-flight fires only but also includes
mishaps and incidents on the ground characterized as flight fire
mishaps and incidents (i.e., intent for flight existed).

Generally, the fire mishap and incident data provided by the Safety Centers included altitude information
in terms of mean sea level (MSL), above ground level (AGL), or flight level (FL). Altitude expressed in
these terms in the Safety Center data is typically in terms of pressure altitude, while the Standard
Atmosphere is based on geopotential altitude. Figure 2-34 illustrates the variation of ambient pressure vs.
pressure altitude and geopotential altitude on standard-day and non-standard-day temperature conditions.
The implication with regards to estimating OAT using the ICAO Standard Atmosphere Model is that cold
temperature conditions may be lower than estimated on non-standard-days or if altitude is based on
pressure altitude. However, the percentages indicated previously in Table 2-4 suggested strongly that
applying the MIL-HDBK-310 cold WWAEs or the JAR-1 Arctic Climate profile as the basis for
estimating temperature conditions would not reflect operational experience.
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An additional consideration for using the ICAO Standard Atmosphere Model for estimating OATs during
suppressant release is fuel flammability limits. Figure 2-35 depicts flammability limits of Jet-A and Jet-B
aviation fuels vs. altitude and standard atmospheres, including a subarctic profile (JP-8 limits are similar
to limits for Jet A, and JP-5 limits are slightly higher than those depicted for Jet-A.). Though ignition
depends on many variables, Figure 2-35 suggests that for military aircraft using JP-8 and JP-5 fuels,
attaining the flammability limits is more likely at atmospheres above the Standard Atmosphere.
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Figure 2-34 Variation of Ambient Pressure vs. Pressure and Geopotential Altitudes on
Standard-Day and Non-Standard-Day Temperature Conditions.®

Figure 2-36 plots the safety center data for nacelle and APU fires in which suppressant release occurred
and for which suppressant release did not occur. In addition, the figure also plots fire events that were not
nacelle or APU fires. This is done to plot all aircraft fire mishaps and incidents for which Safety Center
data included both altitude and OAT. 1t is interesting to note in Figure 2-36 that there are just two data
points indicating a fire occurrence above 10.7 km (35,000 ft), three data points indicating fire above 9 km
(30,000 ft), and only four data points indicating fire above 7.6 km (25,000 ft). In combustion experiments
that established the spectral criteria for optical fire detection, it was established that flames could be
maintained up to 10.7 km (35,000 ft); however, at higher altitudes, the flames would self extinguish.”
Distribution of Safety Center data that included both altitude and OAT for which suppressant release
occurred indicated that suppressant releases occurred generally about or above the Standard Atmosphere
profile. The lowest OAT below the profile for which suppressant release occurred on the ground was
indicated as -3.3 °C (26 °F). The highest altitude below the profile for which suppressant release was
indicated to have occurred was 1.65 km (5,400 ft), and the lowest OAT was indicated as 2 °C (36 °F).
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(JP-8 limits are similar to limits for Jet A; JP-5 limits are slightly higher than limits for Jet-A.)

For other fire incidents for which Safety Center data included both altitude and OAT but in which there
may have been no engine or APU fire, or for which there was an engine or APU fire but no agent release,
the majority of the incidents at altitude occurred above the Standard Atmosphere profile and below 6 km
(20,000 ft). Only one incident is indicated that is beyond the profile at altitude and below -18 °C (0 °F),
which occurred at 12 km (40,000 ft), -61 °C (-78 °F). This was the only incident for which both altitude
and OAT were provided and that occurred below -40 °C (-40 °F). The highest altitude below the profile
and above -18 °C (0 °F) occurred at 1.95 km (6,400 ft) with an OAT indicated as -10 °C (14 °F). There
are three incidents indicated at zero altitude (on the ground) and below -18 °C (0 °F). These occurred
with OATs at -25 °C (-13 °F), -28 °C (-18 °F), and -33 °C (-27 °F).

Commercial aircraft data was also reviewed from the National Transportation Safety Board (NTSB)
aviation accident database for occurrence of fire at altitude vs. temperature. Data then obtained spanned
the years 1988 through 2000. The distribution of fire events in which both altitude and OAT were
provided is shown in Figure 2-37. The lowest temperature indicated in the Figure is -28 °C at zero
altitude. There were several events at this condition. (Whether any were nacelle or APU fires was not
further researched.) One event was identified in the data at -32 °C, but no corresponding altitude was
provided so it is not shown in the figure. Additional fire occurrences at low temperature that were
identified with no corresponding altitude and are not indicated in the figure occurred at -27 °C and -26 °C
(one each) and at -22 °C (two events).

xxiil ' Reid vapor pressure (RVP) is a measure of fuel volatility. The higher the RVP, the more volatile the fuel is and the more
readily it evaporates. RVP is measured at 37.8 °C (100 °F).
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Figure 2-36. Plot of Standard Climate Profiles and WWAESs vs. All DoD Aircraft Fire

Events and Suppressant Releases where Both Altitude and OAT Were Provided.
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Given the preceding, it was concluded that the Standard Atmosphere Model could be used to provide a
reasonable estimate for OATs at which suppressant releases at altitude have occurred. This model was
applied to fire incidents for which there were no OAT data, which were then combined with incidents that
had included OAT data. The results are summarized in Figures 2-38 through 2-41, with the data from
Reference 44.

#i >0
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Figure 2-37. Plot of 1988-2000 Commercial Aircraft Fire Events vs. Altitude and OAT,
Events for which NTSB Database Provided Both Altitude and OAT.
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Figure 2-38. Rotary Aircraft Nacelle/APU Compartment Fire Suppressant
Releases by Altitude.
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Figure 2-39. Rotary Aircraft Nacelle/APU Compartment Fire Suppressant
Releases by OAT.
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Figure 2-40. Fixed-wing Aircraft Nacelle/APU Compartment Fire Suppressant
Releases by Altitude.
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Figure 2-41. Fixed-wing Aircraft Nacelle/APU Compartment Fire Suppressant
Releases by OAT.
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Nacelle Air Temperature Modeling

An in-flight nacelle air temperature model was constructed to estimate nacelle air temperature during
flight conditions. The model uses the U.S. Standard Atmosphere 1976 data on pressure-altitude,
temperature, and viscosity.*> The model treats the nacelle as an air heat exchanger, and it computes the
terminal temperature difference based on average, bulk values. The inlet conditions at the ram scoop are
computed to be the stagnation properties for the given flight conditions, and these are taken to be the
same as those inside the nacelle, close to the inlet. The effect of conduction and radiation heat transfer is
assumed negligible; i.e., heat losses from air through the nacelle wall to the ambient outside by
convection and conduction. The model is described in detail in Reference 44.

To evaluate in-flight conditions generally representative of likely flight and nacelle operating conditions,
the model was evaluated for over 1,000 cases against the high and low operational parameter settings
utilized during the TDP for nacelle configuration (length), clearance (net volume), nacelle mass airflow,
and engine hot surface temperature. Conditions were evaluated for altitudes up to 9 km (30,000 ft).
Model runs were limited to this altitude for two reasons: (1) only 6 % of all fixed-wing aircraft fire
suppressant releases (Figure 2-40) were indicated to have occurred above 9 km (30,000 ft), and (2) though
the Standard Atmosphere Model for the tropopause has a ceiling of 11 km (36,152 ft), only 1.7 % of all
fixed-wing aircraft fire suppressant releases were indicated to have occurred above this ceiling. The OAT
ranged from -45 °C (-48 °F) to 15 °C (58.7 °F) based on the model. The results are indicated in Figures
2-42 and 2-43, which depict peak nacelle temperature vs. altitude for the two airspeed conditions
modeled: 50 knots and 400 knots.

Review of the model output showed that 88 % of the cases indicated nacelle air temperatures greater than
-18 °C (0 °F). The remaining 12 % of the cases (those less than -18 °C) were for input conditions at 6 km
(20,000 ft) or greater, and 89 % of these cases (89 % of the 12 %) were noted for airspeeds of 50 knots.

This group of calculated cases was considered to be artificial since military rotorcraft typically have
operational ceilings less than 6 km, and 50 knots is below the stall speed for typical military fixed-wing
aircraft that have nacelle fire suppression capability (e.g., fighter/attack aircraft, cargo transports,
maritime patrol aircraft). The remaining 11 % (i.e., 11 % of the 12 %), or 1.5 % of all the cases modeled,
were for input conditions at 9 km (30,000 ft) and 400 knots and indicated nacelle air temperatures ranging
between -23 °C (-10 °F) and -24 °C (-12 °F). If the artificial cases were removed from consideration, the
actual percentage of total cases indicating nacelle air temperatures greater than -18 °C became greater
than 88 %. So modeling additional cases up to the ceiling of the Standard Atmosphere Model for the
tropopause was likely to result in additional nacelle air temperatures less than -18 °C, but it was not likely
to dramatically impact the percentages described.

The results of the modeling appeared counterintuitive, in that at higher airspeed the results would be
expected to indicate lower compartment air temperature. This is due to the assumption in the model that
the temperature at the nacelle inlet is based on the stagnation properties for the airspeeds chosen. This is
an assumption that had been applied in previous work, with the rationale that the ventilation airflow
temperature through the nacelle is influenced by the stagnation temperature at the nacelle air inlets as well
as by heat rejected by the engine.”> Thus, at the higher airspeed, the inlet temperature is greater. To
investigate this further, results from the model were compared to data obtained previously during in-flight
measurement of nacelle air temperatures for several different aircraft platforms.
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Figure 2-42. Peak Nacelle Temperature at 50 knots Airspeed vs. Altitude.
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Additionally, nacelle air temperature data were obtained from current in-flight rotary aircraft propulsion
temperature survey testing. The results of the comparison are summarized in Table 2-5. When the model
was applied for the purposes of making comparisons, several of the inputs were varied to accommodate
differing nacelle characteristics. For example, the clearance between the engine and the nacelle structure
is not uniform, thus for each case this parameter was varied between the low and high values that had
been utilized during the TDP, unless specific nacelle clearance information was obtained. In general, the
model tended to predict (conservatively) lower temperature ranges as compared to measured temperature

ranges.

Table 2-5. Comparison of Modeled vs. Measured Nacelle Air Temperatures.

Engine Surface Measured Nacelle Air Predicted Nacelle Air
Altitude Temperature Range Temperature Range Temperature Range
(km) OAT (°C) (°0) °O (°C)
Sea level 29 Not indicated 3310 83 Not modeled since
>5 -21 Not indicated -18 10 30 engine surface
temperature range not
indicated
0.4 28 102 to 392 33t0 82 23 to0 33
0.6 Not indicated 176 to <260 ~ 90 to 160 20to 115
0.6 to 14 Not indicated Not indicated ~ 100 at 0.6 km to Not modeled since
~ 10 at 14 km engine surface
temperature range not
indicated
3 -3 74 to 588 22 t0 93 -3t028
Sea level -3 60 to 467 19 to 55 16 to 39
3 1 81 to 587 27 to 94 -3t028
3 Not indicated Up to 260 10 to 93 6to 12
3 Not indicated Up to 750 <110to <275 7to 23
Sea Level Not indicated Not indicated 210 Not modeled since
engine surface
temperature range not
indicated

Cold Soak Conditions

The NGP also examined the effect of fire suppression effectiveness under cold-soak conditions, i.e., cases
in which the aircraft had been on the ground in a cold climate. Of issue was the relationship between the
OAT, the boiling point of a fire suppressant, and suppressant discharge under such conditions, especially
during takeoff. Such conditions have been used to support the need for a suppressant with a boiling point
of -40 °C (-40 °F) or lower.

Bein performed a literature review to identify existing work related to evaluation of aircraft cold soak
conditions.* Work performed by Transport Canada was identified that characterized aircraft wing

¥ Though the engine surface temperature data was not available for use in during modeling, this temperature data point from
Reference 13 is listed as it was the highest nacelle airflow temperature found in the literature during the nacelle air
temperature modeling effort.
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surface temperatures during ground operations during Canadian winter and aircraft cold soak conditions
after flights at altitude.*™® For flights in Canada and Alaska, a general conclusion was that wing
temperature surveys of aircraft returning from flights at altitude failed to find evidence of significantly
cold-soaked wing conditions. Their surveys generated data that indicate the following relative to non-de-
iced spot wing temperatures for aircraft on the ground:

e Below 0 °C (32 °F) OAT, wing temperatures were generally higher than OAT. The
temperature difference generally ranged from 2 °C at 0 °C OAT to slightly greater than 6 °C
at -25 °C OAT.

e Above 0 °C (32 °F) OAT, wing temperatures were generally lower than OAT.

e Radiative cooling on the ground (i.e., aircraft parked overnight in cold weather) is more likely
than in-flight conditions to result in cold-soak conditions. Possible wing-to-OAT differential
due to radiative cooling may range from -6 °C at 0 °C OAT and reducing to -2 °C at -25 °C
OAT.®

o The lowest OAT for which cold-soak data was recorded was -13 °F (-25 °C), suggesting that
aircraft operations on the ground in cold or extreme cold climates is infrequent. (Note that
this correlates well with the operational fire experience indicated in Figures 2-36 and 2-37.)

The data generated during the Transport Canada surveys includes a flight profile for a flight at altitude in
Alaska during which wing surface temperatures were recorded. The cruise altitude is not specified but is
likely to be approximately 9 km (30,000 ft) based on the aircraft type that was instrumented and flown.
At the time liftoff from the ground occurred, measured wing temperatures were higher than both OAT
and the initial wing temperatures. During takeoff climb, there was a test point indication of a temperature
increase of approximately 3 °C over the first 5 min before that test location temperature began to
decrease, whereas all other measurement locations were noted to begin to decrease immediately. At
15 min after takeoff, wing temperatures were generally -20 °C (-5 °F). At 60 min after takeoff, wing
temperatures were generally -23 °C (-10 °F). Wing temperatures were found to warm to approximately
7 °C (20 °F) in 15 min during descent to final landing. Except for the radiative cooling condition, these
data indicated that temperature conditions of an operational aircraft are likely to be higher than the cold
soak temperature conditions, suggesting that aircraft component temperatures are also likely to be higher.
To analyze the concern of over too low fire suppressant and system component temperatures under cold
or extreme cold temperature conditions during takeoff, a model was constructed to estimate stagnation
temperature conditions during takeoff. The premise was that for suppressant bottle(s), distribution lines
and components not located near/within heated compartments but adjacent to exterior surfaces, the
stagnation temperature should provide a reasonable estimate of likely temperature conditions of
components adjacent to the exterior surfaces. Figures 2-44 and 2-45 depict graphically the results of the
minimum and maximum temperature profiles for cases modeled for a jet transport aircraft, fighter aircraft,
and a turboprop transport aircraft.

e In Figure 2-44, an initial OAT for cold/severe-cold environments was based on the JAR-1
Arctic Standard Climate profile, and then the profile was applied during takeoff climb. This
scenario was assumed to estimate a lower bound profile. The modeling estimated that during
takeoff climb within a standard arctic profile that the stagnation temperatures can increase to
greater than -25 °C (-13 °F) for a period of time, taking into consideration the likelihood that
aircraft surface temperature will be greater than OAT at takeoff. The relevance of this is that
fire suppression system components adjacent to these surfaces are likely to be similar in
temperature. (The resultant temperature profiles indicate a period above -32 °C (-25 °F) for
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as few as 3.7 min and as long as 14.2 min. The time to reach this threshold was estimated to
occur approximately within 1.25 min or within 3.8 min.)

o In Figure 2-45, an initial OAT of -40 °C (-40 °F) was assumed but also applies a temperature
bias condition based on difference of wing skin temperature to OAT described in the
Transport Canada work. The JAR-1 Arctic Standard Climate profile is then applied during
takeoff climb with the bias condition continuously applied to estimate a potential upper
bound profile. The resultant temperature profiles indicated a period above -26 °C (-15 °F),
for as few as 3 min and as long as 14.8 min. The time to reach this threshold was indicated to
occur approximately within 1.25 min or within 3.6 min. Because of the duration of the climb
for the jet transport aircraft, temperature was indicated to increase for a period of time to
approximately -15 °C (4.5 °F) before beginning to decrease.

In each of the scenarios modeled it was clear that fire suppressant and system component temperatures
could increase above -40 °C (-40 °F) during takeoff profiles for some period of time but continued ascent
through the JAR-1 Arctic Standard Climate profile would effect temperature decrease. Thus it became
necessary to review the DoD Safety Center data and the studies conducted during the TDP for
establishing halon 1301 system effectivity to gage the DoD’s historical engine nacelle fire risk during
takeoff.

Risk

Within DoD System Safety, organizations assess risk associated with hazards identified during
development as well as during fielded operations of weapon systems, including aircraft systems and
subsystems. Analytical processes are applied to assess worst-credible and most-probable severity and
likely occurrence of identified hazards. Likely occurrence may be expressed as a rate of occurrence,
typically per flight hour, or as a probability. The resulting assessment of severity and probability is then
categorized as to the level of risk it presents (e.g., high, medium, low, unacceptable, etc.). Generally,
assessment of fire hazards results in an assignment of a “Catastrophic” severity. ™' The issue becomes
whether the rate of occurrence or probability of a fire hazard results in a risk that is deemed not low.

For example, when the total number of engine nacelle fires evaluated during the TDP for establishing
halon 1301 system effectivity are considered, the aggregate rate of occurrence for a nacelle fire event
during the period evaluated is approximately 8 per 10° flight hours. Those same data were reviewed
during the NGP to estimate the potential hazard frequency of a catastrophic event due an unsuppressed
engine nacelle fire hazard, as summarized in Tables 2-6 and 2-7. Note that in each case, the hazard
frequency would be assessed as improbable. A catastrophic-improbable hazard is categorized as low risk,
which is typically accepted by military aviation program managers. If the same rate of occurrence is
considered in conjunction with operating in a low (or high) temperature climatic extreme, the hazard
frequency would also be assessed as improbable as indicated in Tables 2-8 and 2-9.

XXV

A Catastrophic hazard severity is defined in DoD specification MIL-STD-882D, Standard Practice for System Safety, as a
hazard that can result in death, permanent total disability, loss exceeding $1M, or irreversible severe environmental damage
that violates law or regulation. The risk from fire in an aircraft would be presented to an aircraft program manager as the
potential consequences of the different categories of possible fires and the likelihood of fire occurring for each category.
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Figure 2-44. Initial OAT per JAR-1 Arctic Standard Climate.
(OAT at Takeoff is -50 °C (-58 °F).)

— — — - Jet Transport Aircraft

...... Fighter Aircraft

Turboprop Transport Aircraft

-35

Temperature, degrees C

-40

45

0

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

Time, seconds

Figure 2-45. OAT at Takeoff is -40 °C (-40 °F) with Bias Applied to OAT.



72

History of Fire Suppression in Aircraft

Table 2-6. Estimate of Rate of Occurrence of Aircraft Lost Due to Failure to Extinguish a

Nacelle Fire, Any Time (Does not Consider Multiple Engines).

XXVi

Probability | Probability | Probability End Event
Probability | Occurrence | Occurrence | Occurrence Rate of MIL-STD-882
Aircraft Occurrence | At Any Given Fire Not Aircraft Occurrence Hazard
Category In Flight Time Extinguished Lost Per Flight Hour | Frequency
Fixed-wing 0.55 1 0.24 0.09 9.84E-08 Improbable (E)
Rotary 0.35 1 0.53 0.27 4.15E-07 Improbable (E)
Probability Probability | Probability End Event
Probability | Occurrence | Occurrence | Occurrence Rate of MIL-STD-882
Aircraft Occurrence | At Any Given Fire Not Aircraft Occurrence Hazard
Category | On Ground Time Extinguished Lost Per Flight Hour | Frequency
Fixed-wing 0.45 1 0.38 0.03 4.25E-08 Improbable (E)
Rotary 0.65 | 0.36 0.01 1.94E-08 Improbable (E)

Table 2-7. Estimate of Rate of Occurrence of Aircraft Lost Due to Failure to Extinguish a

Nacelle Fire, Any Time (Assumes Two Engines per Aircraft).

XXVi

Probability Probability | Probability End Event
Probability | Occurrence | Occurrence | Occurrence Rate of MIL-STD-882
Aircraft | Occurrence | At Any Given Fire Not Aircraft Occurrence Hazard
Category In Flight Time Extinguished Lost Per Flight Hour Frequency
Fixed-wing 0.55 1 0.24 0.09 4.92E-08 Improbable (E)
Rotary 0.35 1 0.53 0.27 2.08E-07 Improbable (E)
Probability Probability | Probability End Event
Probability | Occurrence | Occurrence | Occurrence Rate of MIL-STD-882
Aircraft | Occurrence | At Any Given Fire Not Aircraft Occurrence Hazard
Category | On Ground Time Extinguished Lost Per Flight Hour Frequency
Fixed-wing 0.45 1 0.38 0.03 2.13E-08 Improbable (E)
Rotary 0.65 1 0.36 0.01 9.70E-09 Improbable (E)

i probabilities in Tables 2-6 and 2-7 are derived from References 45 and 46. End event rate of occurrences determined by
multiplying 8/10° flight hours by probabilities indicated. This frequency is based on the aggregate number of nacelle fires

over all flight hours for the period and aircraft evaluated in those references and is higher than the rate of 4.9/10° flight hours
indicated in an evaluation of Army rotary aircraft fires per Reference 81. No rotary aircraft were indicated lost in ground fire
events in Reference 46, but a 1 % probability is assumed for discussion purposes.
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Table 2-8. Estimate of Rate of Occurrence of Aircraft Lost Due to Failure to Extinguish a
Nacelle Fire in a Climatic Extreme (Does not Consider Multiple Engines).”™™"

End Event
Probability Probability Probability Rate of
Probability Occurrence Occurrence | Occurrence | Qccurrence |MIL-STD-882
Aircraft Occurrence In Climatic Fire Not Aircraft Per Flight Hazard
Category In Flight Extreme Extinguished Lost Hour Frequency
Fixed-wing 0.55 0.2 0.24 0.09 1.97E-08 |Improbable (E)
Rotary 0.35 0.2 0.53 0.27 8.30E-08 |Improbable (E)
End Event
Probability Probability Probability Rate of
Probability Occurrence Occurrence | Occurrence | Qccurrence MIL-STD-882
Aircraft Occurrence In Climatic Fire Not Aircraft Per Flight Hazard
Category On Ground Extreme Extinguished Lost Hour Frequency
Fixed-wing 0.45 0.2 0.38 0.03 8.50E-09 |Improbable (E)
Rotary 0.65 0.2 0.36 0.01 3.88E-09 |Improbable (E)

Table 2-9. Estimate of Rate of Occurrence of Aircraft Lost Due to Failure to Extinguish a

XXVii

Nacelle Fire in a Climatic Extreme (Assumes 2 Engines per Aircraft).
Probability | Probability | Probability End Event
Probability | Occurrence | Occurrence | Occurrence Rate of MIL-STD-882
Aircraft | Occurrence | In Climatic Fire Not Aircraft Occurrence Hazard
Category In Flight Extreme | Extinguished Lost Per Flight Hour Frequency
Fixed-wing 0.55 0.2 0.24 0.09 9.84E-09 Improbable (E)
Rotary 0.35 0.2 0.53 0.27 4.15E-08 Improbable (E)
Probability | Probability | Probability End Event
Probability | Occurrence | Occurrence | Occurrence Rate of MIL-STD-882
Aircraft | Occurrence | In Climatic Fire Not Aircraft Occurrence Hazard
Category | On Ground | Extreme | Extinguished Lost Per Flight Hour Frequency
Fixed-wing 0.45 0.2 0.38 0.03 4.25E-09 Improbable (E)
Rotary 0.65 0.2 0.36 0.01 1.94E-09 Improbable (E)

The implication of the preceding is that when considering the risk of a catastrophic end event, the
likelihood is driven primarily by whether fire occurs, and this likelihood is reduced by the likelihood of
operating in a climatic extreme (e.g., cold temperature conditions). For example, Figure 2-46 summarizes
fixed-wing fire mishaps and incidents by phase of operation. The takeoff-related categories total to
18.7 % of all events, and approximately 16 % of suppressant releases occurred during the takeoff phases.
However, only 4 % of the takeoff-related releases (and thus fewer than 1 % of all releases) occurred in
land environments categorized as cold or severe cold. This strongly suggests that risk is low (i.e., an

Vil . probabilities in Tables 2-8 and 2-9 derived from References 45 and 46. End event rate of occurrences determined by
multiplying 8/10° flight hours by probabilities indicated. This frequency is based on the aggregate number of nacelle fires
over all flight hours for the period and aircraft evaluated in those references and is higher than the rate of 4.9/10° flight hours
indicated in an evaluation of Army rotary aircraft fires per Reference 81. No rotary aircraft were indicated lost in ground
fire events in Reference 46 but a 1 % probability is assumed for discussion purposes. Probability of operation in climatic
extreme assumes exposure to either MIL-HDBK-310 20% low or high temperature WWAE.
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improbable hazard frequency) for an engine nacelle fire during takeoff on a cold-soaked aircraft and in
which the fire suppression system fails to extinguish the fire and a catastrophic event occurs.
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O Ground Maintenance, 0.4%

m Ground Operations, 0.1%

O Hover, 0.5%

B Landing Final (Final Approach), 3.5%

@ Landing (Forw ard Landing Area, FLAR), 0.6%
0O Landing Pattern, 3.2%

O Landing Roll-Out, 7.1%

B Not Available, 0.1%

B Parked, Maintenance, 0.4%

| Parked, Wheels Chocked, 4.5%

m Parked, De-arm, 0.3%

@ Pre/Post Taxi, Engines Running, 0.7%
0O Parked, Servicing (Fuel), 0.1%

0O Parked, Found During Inspection, 1.2%
O Parked, Engine Start, 4.2%

O Takeoff Abort, 5.9%

0O Takeoff Climb, 8.4%

O Takeoff Runup (Runup Before Takeoff), 1.4%
0O Takeoff Roll-out, 3%

® Taxi Landing, 1.7%

@ Taxi Out (Prior to Takeoff Runup), 2.4%
O Not Specified, 0.03%

Figure 2-46. Fixed-Wing Aircraft Fire Mishaps and Incidents by Phase of Operation.

Summary — Severity of Aircraft Temperature Environment Criterion

The conservatism of the -40 °C criterion can be seen when the historical data is plotted against the DoD
climatic land environment design guidance and previously published aviation fuel flammability limit
profiles in conjunction with various atmospheric profiles. Figures 2-47 and 2-48 plot the geographic
locations of ground fire events for rotary aircraft and fixed-wing aircraft, respectively, vs. the DoD
climatic land environment design guidance. In these figures, it can be seen that the clear majority of
ground fire events occurred in geographic locations associated with the basic land environment category.
Figures 2-49 and 2-50 plot the nearest-to geographic locations of in-flight fire events for rotary aircraft
and fixed-wing aircraft, respectively, to depict where these events occurred relative to the climatic land
environments.
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In Figure 2-51, the DoD rotary aircraft fire data are plotted vs. the standard atmosphere (blue line) and
tropical atmosphere profiles (orange line) and Jet A (right) and Jet B (left) flammability limit profiles.
Also indicated is the typical rotorcraft operational ceiling and the majority (97 %) suppressant release
envelope derived from Figures 2-38 and 2-39. Also shown for reference purposes is an artifact from
previous fire testing, described previously in Section 2.3.5, to determine the flame spectral characteristics
for optical fire detection at altitude: that testing at pressure conditions representative of altitude of
11.5 km (35,000 ft) resulted in inability to maintain sustained combustion. The preponderance of fire
events and suppressant releases on rotorcraft is shown to occur well below the typical operational ceiling
for rotorcraft and well above the -40 °C (-40 °F) NGP boiling point criterion, with 97 % of all rotorcraft
suppressant releases occurring above -12.2 °C (10 °F).
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Figure 2-51. DoD Rotary Aircraft Fire Data vs. Atmospheric Profiles, Flammability Limit
Profiles, Operational Ceiling, and Suppressant Release.?’

Figure 2-52 plots the fixed-wing aircraft fire data in similar fashion. The overwhelming majority of fire
events from the data is indicated below 7 km (23,000 ft), with 94 % of all suppressant releases occurring
at an altitude just above 9 km (29,500 ft). Qualitatively, this latter altitude as a ceiling correlates well
with the results of the conclusions drawn from previously described nacelle air temperature modeling and
the testing described previously in Section 2.3.5. Additionally, the overwhelming majority of relevant
nacelle air temperature modeling cases occurred for OAT conditions at or above -25 °C (-13 °F), which
also correlates well with that very few fire events are indicated below this OAT as well as with the
distribution of fire events depicted previously in Figures 2-48 and 2-50. In the basic land environment
depicted in those figures, the worst cold temperature exposure is 1% at -31.7 °C (-25 °F), which also
correlates well with the temperature boundary for 94 % all suppressant releases in Figure 2-52.
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‘| In modeling described in Section 2.3.6 majority of nacelle air temperature conditions fell at or
below 9.1 km and above -25°C. Cases beyond these conditions were for airspeeds
indicative of potential aircraft stall.

Figure 2-52 DoD Fixed-Wing Aircraft Fire Data vs. Atmospheric Profiles, Flammability
Limit Profiles, Potential Stall Condition and Suppressant Release.*

In summary, the preceding figures indicate:

e As altitude increases, the number of fire events decreases.

e Agsaltitude increases, occurrence of fire events trends above the standard atmosphere profile.

e Rotorcraft fire events occurred below 4 km (13,000 ft), below the typical operational ceiling
for those aircraft, with 97 % of all suppressant releases occurring for OAT above -12.2 °C
(10 °F).

e A clear majority of fixed-wing aircraft fire events occurred below 6.1 km (20,000 ft).

e Similar to publicly-available data for commercial aviation shown in Figure 2-37, the vast
majority of fixed-wing aircraft fire events, ground and in flight, occurred with OAT above
-20 °C (-4 °F).

e In-flight rotary and fixed-wing aircraft fire events occurred predominantly near geographic
locations associated with the basic land environments, for which DoD design guidance
indicates the worst cold temperature exposure as 1 % at -31.7 °C (-25 °F).

The -40 °C criterion used by the NGP is likely conservative. The plots of the DoD fire mishap and
incident data in the preceding figures suggest that qualification of nacelle fire suppression systems at an
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OAT of 0 °C (32 °F) would respond to over 90 % of the expected fires, based on past experience. The
qualification requirements are generally a DoD safety policy matter that rests ultimately with the DoD
aircraft programs. This means that the safety and survivability risks associated with qualifying a system
with a suppressant that has a boiling point greater than criterion of -40 °C would need to be assessed to
determine whether the risk level is acceptable by the aircraft program manager, and the specific
performance requirements for the fire suppression system would be reflected in the aircraft specification.

2.3.7 Reignition

Reignition within an engine nacelle or dry bay compartment is always a threat so long as fuel vapor and
air can come in contact with sufficiently hot surfaces or if there is some other type of ignition source
present, such as arcing from an electrical harness or sparks generated from a rotating component
unintentionally in contact with another component. Within an engine nacelle, hot surfaces are the
primary ignition threat, as engine case temperatures can easily exceed 538 °C (1000 °F). After
suppressant discharge within a nacelle or APU compartment, hot fuel vapor may exist at levels which are
flammable, leading to the possibility of reignition. A puddle of hydraulic fluid or jet fuel leaking from a
cracked or failed line can vaporize as heat is transferred from a nearby hot metal surface. In addition, hot
metal surfaces may occur due to heating by the fire itself, which could occur within a nacelle or APU
compartment or even a dry bay compartment. Reignition may then arise from contact of the reactive
fuel/air mixture with the hot metal surface.”” In full-scale nacelle fire suppression testing during the TDP,
it was observed that when hot operating engine case temperatures were simulated, reignition could occur
due to residual fuel adhering to the surface or fuel continuing to be sprayed before being shut off. This
was seen typically at surface temperatures at or above 538 °C.°° That testing also indicated that when a
hot metal surface at 704 °C (1300 °F) was present, greater quantities of fire suppressant were required
when compared to no hot surface reignition condition. The NGP has also investigated how induction and
convection may control the reignition process. This investigation found that reignition is controlled by
cooling and mass transport towards the hot surface. A “worst-case” scenario for reignition was
characterized by maximizing the fuel mass transfer while keeping the characteristic time for cooling of
the surface shorter than the time to attain a flammable mixture.”'

Reignition suppression requirements within a dynamic environment on an aircraft are very dependent on
the specific scenario. Currently, there is no reliable method to predict the optimal agent requirements to
prevent it, other than conduct of full-scale testing for the unique aircraft configuration for all possible
reignition conditions. Strategies to prevent reignition include removing fuel vapor, reducing surface
temperatures, either through design or active cooling, and inerting the fuel/air mixture with a suppressant.
Fuel vapors can be removed intentionally by design or unintentionally as an affect of the ventilation
airflow required by a compartment for cooling. Leaking flammable fluids can be removed by drain holes
and systems or sump ejectors. Typically, before activation of the engine nacelle fire suppression system,
the jet fuel to the particular engine and hydraulic fluid flow to engine compartment accessories is shut
down. This limits the amount of fuel in the nacelle, but it could take a relatively long time to remove the
combustibles from the nacelle, especially low vapor pressure liquids.

In considering the issue of reignition, it is important to distinguish between the temperature at which
autoignition occurs vs. hot surface ignition. The autoignition temperature (AIT) is also referred to as the
spontaneous ignition temperature, self-ignition temperature or autogenous ignition temperature. It is the
lowest temperature at which the substance will produce a hot-flame ignition in air without the aid of an
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external spark or flame.”” This temperature is determined by heating a sample of a fluid in air in a
laboratory flask. The AITs for JP-type military aviation fuels range between 204 °C (400 °F) and 232 °C
(450 °F). For MIL-H-83282-type hydraulic fluid, the AIT is approximately 354 °C (670 °F). Aircraft
manufacturers will typically self-impose a safe design temperature (SDT) practice that is usually 10 °C
(50 °F) lower than the AIT of a fluid that may come in contact with a hot surface. This cannot be
accomplished for engine nacelles or APU compartments due to their case temperatures.

Reignition on a hot surface within a dynamic environment such as within an aircraft engine nacelle is
distinct from autoignition. Extensive lab-scale and full-scale testing has been conducted over the past
several decades that demonstrates, generally, hot surface ignition of aviation JP-type fuels and hydraulic
fluids used in military aircraft occurs at surface temperatures greater than the AIT for those fuels and
fluids. Minimum hot metal surface ignition temperatures for JP-8 (or kerosene) for ambient temperatures
and pressures and low air flows have been found to vary from 360 °C to 650 °C, depending on test
conditions. Hot surface ignition temperatures will generally decrease as the size or surface area increases
or as fuel contact time increases, and they will generally increase with increasing air velocity.” An
exception is MIL-H-83282 hydraulic fluid, which during testing conducted in a nacelle simulator with a
portion of a simulated F-16 engine was found to have the potential to ignite when exposed to a hot surface
below the fluid’s AIT and when ambient air temperature was heated to at least 150 °C (300 °F). At a
ventilation air temperature of 316 °C (600 °F) the fluid would ignite without the hot surface.”**""

From work conducted during the TDP it was asserted that a reasonable target concentration for
suppressant in the fire zone (not the free stream) is the concentration which ensures that the most
flammable fuel/air ratio cannot occur. Such a suppressant concentration should ensure both flame
suppression and prevention of re-ignition for a period of time on the order of the suppressant injection
(discharge) duration. After this period, however, it is likely that re-ignition would still be possible."

2.4 FIRE SUPPRESSANTS USED ON AIRCRAFT

As early as 1922, there is reference to implementation of engine compartment fire suppression, which
consisted of a fire extinguisher within that compartment that was controlled from the pilot’s seat.
Additionally, shutters were installed to eliminate external airflow into the compartment.”® No specific
reference is provided as to the fire suppressant in this case, but one could speculate. The Naval Studies
Board reported that in the 1920s, non-fluorinated halon agents were tried experimentally in engine nacelle
extinguishers, but their use was abandoned by the U.S. military in favor of the non-corrosive CO,.* Even
as aircraft fire suppression matured, there are instances in which researchers and aircraft designers ponder
the rationale for a specific requirement. An example of this is the unpublished technical data and various
published statements supporting the certification requirement for engine nacelle halon 1301 fire
suppression systems. Regardless, since the identification of stratospheric ozone depletion and subsequent
efforts to identify alternatives to the halons for aircraft fire suppression, there have been numerous
compilations of the history of fire suppressants used on aircratft.

il previous research indicated in Reference 149 also indicated for MIL-H-83282 an AIT of 354°C and a stream hot manifold
ignition temperature of 322°C. The later was determined by Federal Test Method Standard (FTMS) 7916, Method 6053. In
hot surface ignition studies surveyed in Reference 150, some of the studies showed MIL-H-5606 was more ignitable than
MIL-H-83282, whereas other studies surveyed, which used different test configurations, indicated diametrically opposite
results.
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Perhaps the most comprehensive compilations are those in reports generated by the National Institute of
Standards and Technology (NIST) under the TDP, by the Federal Aviation Administration (FAA) as part
of work it has been performing related to development of minimum performance standards for halon
alternative nacelle fire suppression systems, and by Kidde Aerospace and Defense, PLC, one of the
primary suppliers of aircraft fire suppression system components today."***”” Additional historical
references are contained within the investigation performed by the NGP to document active suppression
technologies for ullage fire/explosion protection and work done by Boeing to document options for dry
bay fire protection.’"”®

The following provides a brief summary of fire suppressants that have been used on DoD aircraft for
powerplant and dry bay fire protection, excluding halon alternative suppressants identified during the
TDP or developed under the NGP. The reader is referred back to Section 2.2.6 for discussion of
suppressants that have been utilized for ullage fire suppression. Fielding of halon alternative suppressants
subsequent to the TDP is discussed briefly in the next section. Throughout this section, the phrase
“powerplant” may refer to an engine or APU compartment or other type of powerplant described earlier
in this chapter.

241 Powerplant Compartments

The requirements for and implementation of aircraft fire suppression for powerplant compartments have
evolved for a variety of reasons, primary among them being powerplant design and the fire suppressant.
For example, powerplant fire suppression system design guidance published by the CAA in 1943 for use
of methyl bromide (halon 1001) and CO, was relative to mass airflow in the compartment and the number
of cylinders in a radial cylinder engine installation. For potential fire zones with high airflow, agent
quantity was to be based on 20 % of the mass airflow through the zone in two seconds.”” ™ Agent
distribution was to be accomplished using spray nozzles or perforated tubes providing approximate equal
distribution and a “sheet of agent spray” across the cross section of the protected zone orthogonal to the
airflow. These systems were to become known as conventional distribution systems. Figure 2-53
illustrates an example of this type of installation. The aircraft engine compartment fire suppression
systems for the B-36 and XR60-1 aircraft employed halon 1001. Some of the first aircraft to deploy fixed
CO, fire suppression systems for engine compartment protection included the C-46, C-47, B-17, B-26,
and the B-45 aircraft.

During World War II the German Navy sponsored efforts by 1.G. Farbonindustrie to develop an
alternative to halon 1001 due to its toxicity, which resulted in the development of chlorobromomethane
(CB or halon 1011) in the 1939 to 1940 time period. Halon 1011 was determined to be as effective as
halon 1001 and less toxic. Testing in 1942 by then Junkers/Dessau for the German Luftwaffe focused on
developing a powerplant fire suppression system using Dachlaurin (D-L), a mixture of 65 % halon 1011
and 35 % CO,. In early 1945 the Luftwaffe approved the principle of the D-L system and ordered its
installation on all German military aircraft, subject to then not-yet-established priorities. It was planned
that the D-L system was to be installed on the Messerschmitt ME 262, the first operational jet-powered
fighter.'” Given the time the directive was issued, it is likely D-L did not come into widespread use
before the end of the war. After the war extensive evaluation of halon 1011 was conducted within the
U.S. and by 1950, the USAF required use of halon 1011 systems instead of CO, systems in new aircraft

%X Ag of the writing of this book, CAA reports are available from the Department of Transportation’s Online Digital Special
Collections at http://dotlibrary.specialcollection.net/.
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and subsequently issued a specification for such systems.'”"'*!'®* Design guidance for use of halon 1011
in powerplant fire suppression system evolved as jet propulsion became more widespread and was
provided relative to compartment airflow and free volume. However, the conventional distribution
system approach was still employed for halon-1011-based fire suppression systems. Examples of these
arrangements are shown in Figures 2-54 and 2-55. Some aircraft known to have utilized halon 1011 for
powerplant fire suppression include the C-97, C-119F, C-123, C-130 and B-57 aircraft.
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Techniques for assessing adequate distribution, which are described later in this section, changed along
with the evolution to jet propulsion powerplants. During testing conducted by the CAA, it was observed
during filming and time recording of discharge duration from a conventional distribution system that the
apparent full-strength discharge time was 1 s.'® (The certification requirement that had been established
for the conventional fire suppression systems was, and still is, a required concentration level maintained
at all measured locations throughout the compartment for a minimum of 2 s.) During these same tests,
comparisons were made of fire suppression performance of conventional systems vs. open-ended systems,
which later became known as high-rate-discharge (HRD) systems. The HRD systems presented a
simplified distribution approach in that perforated distribution lines were replaced with few open tubes
out of which the fire suppressant would discharge at a much higher rate. Rather than relying on plumbing
to disperse the suppressant, dispersion would be effected by the turbulent mixing of the suppressant
discharge jet and the nacelle mass air flow. Further testing by the CAA demonstrated that the HRD
design required less halogenated fire suppression agent to suppress nacelle fires and simplified
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distribution system design. Testing conducted later by the Wright Air Development Center (WADC)
promoted the conclusion that the efficiency of a fire suppression system would be improved with
increasing suppressant discharge velocity, and that a “critical saturation value,” in percent by volume,
occurred between 15 m/s (50 ft/s) and 30 m/s (100 ft/s) for the suppressants evaluated (halon 1011, halon
1301, and dibromodifluoromethane or halon 1202).'”> The example fire suppression system installation
shown earlier in Figure 2-8 is a representative halon 1301 HRD system installation.
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Figure 2-54. Example Conventional Halon 1011 Fire Extinguishing System Distribution
Installation, Turboprop Powerplant.'®

Halon 1301, which had been determined to be superior to halons 104 and 1001 in hand portable
extinguishers during testing conducted by the Purdue Research Foundation (PRF),'” was also found to be
well-suited for use in powerplant HRD systems. During CAA tests that were performed that resulted in
the design guidance for halon 1301, in which a minimum discharge duration of 0.5 s is required,
discharge durations varied between 0.5 s and 0.9 s.'*!%!'% [t js interesting to note that technical
intelligence gathered after the end of World War II suggested that design policy for engine compartment
CO, fire suppression systems followed by the Imperial Japanese Navy required discharge within 1 s.* A
timeline of the evolution of the 0.5 s duration requirement for HRD systems can be hypothesized based on
year of publication of the reports and specifications as follows:

o 1948: As mentioned previously in Chapter 1, the U.S. Army commissioned the PRF to search
for a suppressant of high fire suppression efficiency but low toxicity. During flammability
limit testing a halon 1301 inerting concentration was determined as 6 % volumetric
concentration. This testing was not related to engine nacelle fire suppression.
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Figure 2-55. Example Conventional Halon 1011 Fire Extinguishing System Distribution

Installation, USAF Turbojet Powerplant.'"

1953: Fire testing is conducted by the CAA to determine the minimum amounts of
suppressant required for varying airflows using CO, and halons 1001, 1011, and 1202.'"?
Statham Laboratories began manufacturing the Model GA-1 Gas Analyzer for the USAF for
use in measuring suppressant concentrations based on an experimental gas analyzer
developed by the USAF.'" This device is to later become known throughout the aviation fire
suppression field as the Statham Analyzer.

1955: Fire and suppressant concentration testing was conducted by the CAA using halon
1011. A recommendation was developed that halon 1011 systems provide a minimum 15 %
volumetric concentration for 1 s.'%

1956: Fire testing of HRD systems was conducted by the CAA using CO, and halons 1001,
1011, 1202, and 1301, and design formulae for suppressant quantity are published. In
successful fire extinguishment tests using the halons, discharge durations are indicated to
have varied between 0.5 s and 0.9 s.'® For CO, the duration was indicated to have varied
between 1.25 s and 1.35 s.
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e 1958: Fire testing of conventional and HRD systems was conducted by the CAA for the
Northrop F-89 Scorpion using halons 1011, 1202 and, to a lesser extent, halon 1301.""* This
effort included specific tests to evaluate discharge duration and distribution using halon 1011.
An overlapping time period of 0.44 s was noted for the two compartment sections evaluated,
as indicated in Figure 2-56. (In Figure 2-56 the time axis is in 0.125 increments, thus
0.44 occurs between three and four increments.) Though the report indicates that by the time
halon 1301 had been evaluated in the HRD system for fire testing some degradation in the
test article had occurred, there is no indication in the report that this was a factor in the halon
1011 discharge duration and distribution tests (i.e., they may have been completed prior to
conduct of halon 1301 fire testing).

e 1959: Fire and concentration measurement testing (using a then Statham Laboratories
concentration analyzer) at WADC concluded for halon 1301 that roughly a 5.8 % “critical
saturation value,” in percent concentration by volume, is required for fire extinguishment.'®
Later during the year, the required minimum relative concentration for halon 1301 was
published as 15 %, which was specified to be maintained in all parts of the affected zone and
persist in each part of the zone for at least 0.5 s at normal cruising condition. The relative
value is that indicated by the Statham measurement device corresponding to a halon 1301
6 % volumetric concentration. At the end of the year, the military specification for
installation and test of HRD aircraft fire suppression systems, MIL-E-22285, was issued.'”
The specification includes the previously published halon 1301 design formulae for
suppressant quantity.

e 1960: The military specification for installation and test of HRD aircraft fire suppression
systems was reissued, revising the concentration requirement from 15 % relative to 6 %
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Figure 2-56. Minimum Discharge Duration from an HRD System Using Halon 1011.""

The HRD design formulae that have since been applied for sizing halon-1301-based systems in DoD
aircraft applications have essentially remained unchanged since they were first published and were based
on testing conducted on a single piston-engine powerplant and one jet power plant. Like the design
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guidance for conventional halon 1011 systems, HRD system design guidance is also relative to
compartment airflow and free volume. Additionally, a review of the CAA reports indicates that the
number of tests conducted using halon 1301 preceding the issuance of MIL-E-22285 was limited. The
CAA report that issued the design formulae indicates very few data had been obtained for halon 1301 but
that it appeared equal to halons 1001 and 1202 on a weight basis. Given that the HRD design formulae
published by the CAA were identical for halons 1001, 1202, and 1301, it is possible that in the case of
halon 1301 the design guidance for it was asserted qualitatively at that time. It is also possible that this is
the case for the 0.5 s discharge duration requirement, as discharge duration testing conducted by the CAA
prior to the issuance of MIL-E-22285 was conducted using halons 1011 and 1202.

As indicated in Table 2-10, halon 1301 is today by far the most widely implemented of the halon
suppressants for powerplant fire protection (nacelles and APU compartments) on DoD aircraft. Although
Table 2-10 is not necessarily meant to be totally comprehensive, it depicts the magnitude of halon 1301
implementation across the DoD. The distribution systems are predominantly HRD designs. For
reference, the table also lists other fire suppressants used today excluding halon-alternative fire
suppressants installed on DoD aircraft since the Montreal Protocol. These are various forms of nitrogen-
based fire protection and aluminum oxide, which is used on some aircraft in powder panels for passive
dry bay protection.

242 Dry Bay Compartments

As discussed earlier in this chapter there are no active halon fire suppression systems installed currently
on DoD aircraft for the specific purpose of ballistic dry bay fire protection, though there are
compartments for which halon fire suppression is provided to protect against safety fire threats and for
which such compartments are also vulnerable to ballistically-induced fire. The C-5 nitrogen fire
suppression system provides protection for various dry bay compartments as indicated in Figure 2-57.
System discharge is automatic for fires detected in the wing and pylon leading edge dry bays. Aluminum
oxide powder (Al,Os) has also been fielded on several DoD aircraft. The powder is contained within a
parasitic honeycomb panel to prevent ballistically-induced fires in dry bays adjacent to fuel cells and was
first developed by the Royal Aircraft Establishment in England.'"” If ruptured by a ballistic projectile, the
panel releases a powder suppressant to quench incendiaries released by the projectile. The powder panel
indicated in the example wing leading edge dry bay shown earlier in Figure 2-18 is an example of a
parasitic powder panel installation. Chapter 9 describes NGP work to develop advanced powder panel
design techniques.

2.4.3 Certification

The current requirement to certify other than dry-bay fire-suppression systems on aircraft that use halon
1301 requires demonstrating a minimum suppressant concentration for at least 0.5 s at all measurement
locations simultaneously. Minimum suppressant concentration requirements for CO,, and halons 1001,
1011, 1202, and 1301 are indicated in FAA Advisory Circular 20-100.""® (Military specification
MIL-E-22285 provides these requirements for halon 1301 only.) By today’s method for certifying halon
1301 powerplant fire suppression systems, previous methods would seem somewhat subjective. One
previous method was to discharge water through the distribution system, capture the discharge by large
aerology balloons, and determine the quantity discharged as being equal to the difference between the
total quantity and quantity captured, assuming a 10 % system loss.
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Table 2—-10. Fire Suppressants on DoD Aircraft.”™
Halon 1011 Halon 1202 Halon 1211 Halon 1301 Nitrogen Aluminum
(CH,CIBr) (CF,Br,) (CF,CIBr) (CF;Br) N2) Oxide (AL,O5)
USAF: USAF: USAF: USAF: USAF - LN, USAF
C-130 C-5,C-141 C-130J MH-53, HH-60 (ullage and dry (dry bay):
A/OA-10, B-2 bay): CV-22
USN: USN: B-1B (overwing C-5
DC-130A Note: halon KC-130] fairing) USN (dry bay):
LC-130F/R 1202 is an C-5 (cargo, avionics, | USAF — MV-22
TC-130G alternate for and center wing) OBIGGS NEA AH-1W/Z
halon 1011 on C-9, KC-10, C-12 (ullage): UH-IN/Y
USAF and USN C-17, C-20, C-22B F-22
C-130 aircraft, C-32A, C-40 C-17
except for C-135, VC-25A
C/KC-130] C-141, E-3A USN -
aircraft. E-4A, E-8C OBIGGS NEA
F-16 (ullage) (ullage):
F-15,F-117 V-22
T-34A,T-39, T-43 | AH-1Z
UH-1Y
USN:
AH/UH-1, SH-2 US Army -
HH/SH/UH-3 OBIGGS NEA
CH/HH-46 (ullage):
CH/MH-53 AH-64
HH/SH-60 MH-47E
C-2A, C-9 MH-60
C-12, C-20
E-2C, E-6A
EA-6B, F-14
F/A-18C/D
P-3,8S-3
T-39, T-44A

C-130 (excluding
C-130s with halon
1011, 1202 or 1211)

US Army:

AH-64, CH/MH-47
EH/MH/UH-60
C-7,C/RC-12, C-20

% Table 2-10 excludes halon alternative fire suppressants installed on DoD aircraft since the Montreal Protocol. These aircraft
are the MV/CV-22, F-22, and AH-1Z/UH-1Y, each of which utilizes HFC-125 for nacelle fire suppression and OBIGGS
NEA for fuel tank inerting. Also, the F/A-18E/F utilizes HFC-125 for nacelle fire suppression, except for EMD and LRIP 1
aircraft, which utilize halon 1301. The F/A-18E/F and MV/CV-22 use inert gas generators for dry bay fire suppression. The
gas discharge is a gaseous mixture of carbon dioxide, nitrogen, and water vapor. Gas generator technology is also being

evaluated for dry bay fire suppression on the Joint Strike Fighter (JSF) aircraft.
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Distribution ratios were determined for each zone protected by the system, thus the required quantity of
suppressant for each zone could be determined prior to testing. Another previous method was to measure
discharge duration by means of motion pictures taken at the rate of 32 frames per second. Neither of
these previous methods could be accomplished in flight.

The Statham-type suppressant concentration analyzer device mentioned in the previous section permits
in-flight measurement of fire suppressant concentration.™*!'” This type of analyzer operates based on a
linearized viscosity mixing theory using the weighted viscosities of a binary gas mixture, i.e., air and the
fire suppressant. Since the viscosity of pure air differs from that of pure fire suppressants, readings will
show that a mixture of gases is present and the “relative” concentration of the suppressant will be
indicated by the differential pressure reading obtained. An algorithm converts relative concentration
values to volumetric concentration values based on the unique calibration of the analyzer and the fire
suppressant. A vacuum pump draws the gas mixture samples through twelve sampling probes (copper
tubes) into sensor assemblies. Sampling probe ends are oriented perpendicular to compartment airflow
and are located throughout the compartment (Figure 2-58). In each sensor assembly, the gas passes
through filter screens, a heat exchanger, a capillary tube differential pressure sensor section, and finally
through a sonic flow orifice. The heat exchanger section ensures uniformity of monitoring conditions,
and tests are performed only after thermal equilibrium is achieved. The sonic flow orifice ensures a
constant flow while the capillary tubes create the pressure drop measured by a transducer. The transducer
transmits the pressure signal to a processor unit which performs the necessary calculations and then
records and displays relative concentrations.''® The relative concentrations are then converted to
volumetric concentrations for evaluation as to whether the fire suppression system meets a certification
requirement (Figure 2-59).

Until recently, non-dry-bay fire suppression systems qualification has been normally accomplished by
concentration measurement. There are unique cases where a system such as a nacelle fire suppression
system will be qualified by fire testing. In this case, performance requirements will be specified and
agreed to by the acquisition or certifying agency and the aircraft manufacturer. Nacelle fire suppression
systems that have been qualified through fire testing are those on the USN F/A-18E/F, which uses
HFC-125 as the fire suppressant, and the commercial Eclipse 500 aircraft, which uses PBr;.

The certification requirement to demonstrate compliance with survivability and vulnerability
requirements is Congressionally legislated in Title X, Section 2366 of the United States Code of Federal
Regulations, which was passed in 1987. This live fire test legislation requires that realistic testing be
done on new systems before they reach the field. The vast majority of DoD aircraft fielded today had
initial operating capability prior to enactment of this legislation. Thus it is probable that compartments on
aircraft for which halon fire suppression is provided to protect against safety fire threats and for which
such compartments are also vulnerable to ballistically induced fire, no live fire testing had been
performed, and that such halon systems were certified solely by suppressant concentration measurement.

*i There are several versions of this type of analyzer that are certified by the FAA for use in performing fire suppression system
concentration measurement for the purpose of qualifying or certifying aircraft fire suppression systems. One is the Statham
Analyzer, owned and operated by Walter Kidde Aerospace. This is a modified version of the original Statham analyzer
described earlier. Another analyzer is the Halonyzer, of which there are currently two versions, Halonyzer 2 and Halonyzer
3. One Halonyzer 3 analyzer is owned and operated by its manufacturer, Pacific Scientific/HTL Kin-Tech. One Halonyzer 3
analyzer is also owned and operated each by Boeing commercial and by the USAF at WPAFB. One Halonyzer 2 analyzer is
owned and operated by Airbus Industries in France. Finally, a ‘modified’ Halonyzer 2 analyzer is owned and operated by
the FAA Hughes Technical Center Fire Safety Branch.
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Nitrogen Fire Suppression Zones and Controls
Flight Engineer’s Nose Wheel Well
Panel Discharge Panel Discharge
Zone Spaces Included in Zone Pushbutton Pushbutton

1 Left wing dry bay, left outboard leading edge, left Left outboard wing Left wing

outboard pylon leading edge
2 Left wing root dry bay, left inboard leading edge, Left inboard wing Left wing

left inboard pylon leading edge
3 Right wing root dry bay, right inboard leading edge, Right inboard wing Right wing

right inboard pylon leading edge
4 Right wing dry bay, right outboard leading edge, Right outboard wing Right wing

right outboard pylon leading edge
5 Nose wheel well Nose wheel well -
6 Cargo under floor, forward Under floor, forward Under floor, forward
7 Cargo under floor, middle Under floor, forward Under floor, forward
8 Left main wheel well Left main wheel well -
9 Right main wheel well Right main wheel well -
10 Cargo under floor, aft Under floor, aft Under floor, aft
11 Left power turbine unit (PTU) compartment Left PTU Under floor, forward
12 Right power turbine unit (PTU) compartment Right PTU Under floor, forward

Figure 2-57. Zones Protected by the Nitrogen Fire Suppression System on C-5 Aircraft.'"
(Reprinted with permission by the USAF Warner Robbins Air Logistics Center)
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Figure 2-58. Fire Suppressant Concentration Analyzer Sampling Probe Installation.
(Printed with permission of the Naval Air Systems Command.)
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Figure 2-59. Example Fire Suppression System Suppressant Concentration
Measurement.
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Previous testing with halon 1301 for suppression of dry bay compartment fires with ventilation induced
by damage from a ballistic projectile indicated that halon 1301 would suppress fires if discharged very
fast, on the order of 10 ms, from a fire bottle type used on the United Kingdom CH-47 Chinook
helicopters, or if a comparable halon 1301 quantity was discharged from a bottle design typically used for
nacelle or APU fire suppression, from which the suppressant will discharge in approximately 1 s. Even
though this testing showed that both types of bottle configurations provided halon 1301 concentrations
well above 6 % for greater than 0.5 s,”' no concentration-based dry bay fire suppression system
certification requirement was ever established by the DoD. Likewise, even though there is historical
reference to the fielding of reactive ullage fire suppression systems, there is no DoD concentration-based
qualification requirement for these systems as well. It should be noted that the fast discharge capability of
the fire bottle type United Kingdom CH-47 Chinook helicopters is consistent with the design guidance
indicated in Figure 2-60 for a confined space (i.e., constant volume), which has existed since 1965.

Response Time
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Typical Pressure Curve of
Suppressed Explosion in
Confined Space

Typical Pressure Curve of
Explosion in Confined Space

Figure 2-60. MIL-HDBK-221 Design Guidance for Explosion Suppression.'®

In the case of the C-5 nitrogen fire suppression system, which is an extension of the fuel tank LN, inerting
system and provides dry bay fire protection, the system is required to reduce the oxygen level within the
compartment into which it is discharged, ullage or dry bay, to 10 % or less “in the time duration necessary
to cope with the particular fire hazard.” (Typically, the DoD will require that ullage inerting systems
reduce oxygen concentrations to 9 % or less.). The USN A-6E ullage inerting system was designed to
maintain a halon 1301 volumetric concentration of 20 % upon activation.'*!

OBIGGS installations on currently-fielded DoD aircraft were typically certified by measuring the oxygen
concentration with a single oxygen sensor installed at the fuel vent interface in one or more fuel tanks or
by installing an oxygen sensor on a fill port, as indicated in Figure 2-61. Today, as work continues
towards developing OBIGGS for commercial transport aircraft, an oxygen-gas sampling system has been
developed by the FAA that is utilized and operates in a manner similar to the concentration measurement
analyzers utilized for certifying nacelle fire suppression systems.
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Figure 2-61. Typical Legacy OBIGGS Qualification Test Oxygen Concentration
Measurement Location.
(Printed with permission of the Naval Air Systems Command.)

2.5 HALON ALTERNATIVE TECHNOLOGY DEVELOPMENT PROGRAM (TDP)

Chapter 1 discussed why the DoD initiated the TDP and its goal for identifying near-term,
environmentally friendly, and user-safe alternatives to halon for aircraft engine nacelle and dry bay
applications, and why the limitations of what had been identified along with new/emerging environmental
constraints required continued research and development for these applications. However, the breadth
and technical approach of the TDP is historically significant. Like previous efforts related to aircraft fire
suppression, the TDP spanned several years and was a collaborative effort involving participants from
government agencies, industry, and academia.
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Following the DoD’s 1989 delineation of its policy on halon replacement research, over 600 potential
halon replacement chemicals were assessed.”'** This was followed by the USAF initiating the Halon
Replacement Program for Aviation in 1992 to develop a non-ozone depleting solution for on-board fire
suppression within a timeline to support the F-22 aircraft acquisition program. In addition to the F-22, the
V-22 and F/A-18E/F acquisition programs also implemented requirements for fire suppression systems
having non-ozone depleting fire suppression agents. Thus, the scope of program was subsequently
expanded to address requirements of all DoD and civilian aircraft engine nacelle and dry bay applications
and was jointly-sponsored by the USAF, USN, U.S. Army, and the FAA as the TDP. Additionally, an
oversight group, the Halon Alternatives Steering Group (HASG), was established to coordinate efforts
within the TDP as well as other government research and development (R&D) programs related to fire
suppression. This included coordination with related efforts under the EPA’s SNAP program, which
addressed both environmental acceptability and personnel safety, e.g., toxicity, of candidate halon
alternative suppressants. The TDP was a three-phase program, each of which is discussed briefly below.
The reader is encouraged to refer the publications referenced in this section for more detailed discussion.

251 Phase 1 — Operational Parameters Study

Phase 1 determined parameters in aircraft engine nacelles and dry bays that have the greatest influence on
the quantity of fire suppressant required to extinguish fire in those types of compartments.'>'**
Characteristics of each of these compartment types on then-fielded aircraft were acquired to support
development of a test matrix used during this portion of the TDP. A statistical design of experiments
(DOX) methodology was employed to reduce the number of possible test configurations to 32 using a
Plackett-Burman two-level fractional factorial design to permit study of the effects of 14 parameters
related to dry bay compartments and 16 parameters related to engine nacelle compartments along with
interactions of factors with only 32 test runs for each compartment. Evaluating two'* combinations of dry
bay compartment factors and two'® combinations of engine compartment factors was not feasible. The
DOX methodology permitted evaluating effects of the parameters for each compartment type within the
physical and economic resources available to the TDP as well as to permit concurrent acquisition
programs to meet schedule requirements for implementing non-ODS-based fire suppression systems.
Table 2-11 lists, in order of significance, the factors found during Phase 1 testing at Wright-Patterson Air
Force Base (WPAFB) to influence fire suppression the most in each compartment type. Concurrent
studies and testing of candidate halon alternative chemicals were conducted by NIST to evaluate materials
compatibility, thermodynamic properties, fluid dynamics associated with discharge, flame suppression
effectiveness, flame inhibition chemistry, agent stability under storage, and affects to personnel and the
environment.'”  The combined outcome from the WPAFB and NIST efforts resulted in the
recommendation that the chemicals listed in Table 2-12 be evaluated during Phase 2.

Table 2-11. Most Significant Fire Suppression Parameters Identified
During Phase 1.

Engine Nacelle™" Dry Bay
Surface Temperature (34 %) Compartment Volume (48 %)
Fire Suppression Agent (14 %) Fire Suppression Agent (28 %)
Clearance, or Nacelle Free Volume (12 %) External Airflow Rate (13 %)

i Two additional non-confounded parameters identified were nacelle airflow temperature and fuel temperature. Testing
during Phase 1 also highlighted the significance of hot surface reignition.
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Table 2-12. Halon Alternative Fire Suppressants ldentified for Phase 2 Evaluation.

Engine Nacelle Dry Bay
Pentafluoroethane (HFC-125) Octafluoropropane (FC-218)
Chlorotetrafluoroethane (HCFC-124) Pentafluoroethane (HFC-125)
Trifluoroiodomethane (CF;I) Heptafluoropropane (HFC-227¢a)
Heptafluoropropane (HFC-227¢a) Trifluoroiodomethane (CF3I)
2.5.2 Phase 2 — Operational Comparison of Selected Extinguishants

The fire suppressants identified during Phase 1 as the most promising halon alternatives for engine
nacelle and dry bay fire suppression applications were subjected to additional testing during Phase 2.'%%'*’
The DOX methodology was again employed to further evaluate effects of the most significant parameters
identified during Phase 1 for each compartment type. Additional factors were also included based on
discussion with aviation fire suppression experts. For dry bay fire testing, two additional factors
evaluated were fire suppression agent container temperature and clutter (obstructions in the dry bay that
inhibit suppressant distribution). For nacelle fire testing, four additional factors were evaluated: fire
location in the nacelle, fuel type, nacelle mass airflow rate, and fire suppression agent container
temperature. Table 2-13 lists, in order of significance, the factors found during Phase 2 testing at
WPAFB to influence fire suppression the most in each compartment type. Additional testing was
conducted by NIST to further evaluate fire suppression efficiency, stability during storage, safety
following discharge, agent discharge behavior and performance, and interaction with metal fires.
Techniques for real-time concentration measurement were also developed along with guidance for engine
nacelle fire suppression design and certification.'”"> The combined outcome from the WPAFB and NIST
efforts resulted in the down-selection to pentafluoroethane (HFC-125) as the optimal near-term halon
alternative fire suppression agent for both engine nacelle and dry bay applications. This chemical was
taken into Phase 3 for detailed evaluation.

Table 2-13. Most Significant Fire Suppression Parameters Identified
During Phase 2.

Engine Nacelle Dry Bay
Surface Temperature (39 %) Compartment Volume (45.3 %)
Fire Suppression Agent (15 %) Fire Suppression Agent (23.6 %)
Nacelle Airflow Temperature (10 %) Compartment Volume and Location

Interaction (14.3 %)

Surface Temperature and Nacelle Airflow
Temperature Interaction (6 %) Fire Suppressant Bottle Location (5.5 %)
Fire Location (4 %)

253 Phase 3 — Establishment of Design Criteria Methodologies

During Phase 3, extensive engine nacelle and dry bay fire testing was conducted using HFC-125. The
DOX methodology was again employed to evaluate effects of the most significant parameters identified
during Phase 2 for each compartment. Extensive statistical analysis of the test data was conducted to
develop design models (equations) for aircraft engine nacelle, APU and dry bay applications.”’ The
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equations were developed to assist designers in sizing nacelle and dry fire suppression systems using
HFC-125. Table 2-14 summarizes the variables that are to be taken into consideration when applying
each of the equations.

Table 2-14. Fire Suppression Parameters in Design Guidance Developed
from Phase 3.

Engine Nacelle Dry Bay
Surface Temperature Location — Impact Angle of Ballistic
(Set at 454.5 °C) Projectile Relative to the Horizon
Nacelle Airflow Temperature Dry Bay Free Volume
Nacelle Mass Airflow Rat
acete Vas AT oW e External Airflow Rate
Fuel Type

Evaluation of data from engine nacelle fire testing highlighted the significance of engine surface
temperature. Various models were developed to converge on one that would provide a best fit to the
experimental data. Curve fits from test data in which the surface temperature was 454.4 °C (850 °F) and
lower better modeled the overall test results than curve fits that included test data in which the surface
temperature exceeded 454.4 °C. This was attributed to the variability induced from hot surface reignition.

Applying the HFC-125 engine nacelle fire suppression design model is a two-step process. The first step
is to calculate the HFC-125 concentration required to certify the system. The equation bounds the
resultant concentration to either a minimum of 14.6 % and a maximum of 26 %. Embedded within the
concentration equation is a factor for a nacelle hot surface temperature of 454.5 °C. The calculated
concentration is then used an input variable in a sizing equation to estimate the quantity of HFC-125
needed to provide the needed concentration for certification. Though the sizing equation is similar in
structure to the current design guidance for halon 1301 in that it contains nacelle mass airflow and nacelle
free volume as variables, the testing performed under Phase 3 resulted in this two-step design guidance
that includes concentration based on values of nacelle-specific parameters. Previous analyses of the
current halon 1301 design guidance had indicated that the concentration variable may have been
considered, but it may have been embedded with the concentration value fixed at the halon 1301
flammability limit of 6 %.%'%

During dry bay testing, all ballistic shots were initially horizontal with the projectile entering the dry bay
compartment from the side. However, additional consideration was given to the fact that some aircraft
have belly dry bay compartments. This resulted in testing of vertical shots entering from the bottom of a
dry bay. This testing and subsequent data analysis proved that shot angle was an important variable and
is one of the variables that must be taken into consideration when applying the HFC-125 dry bay model.
During design of an HFC-125 dry bay fire suppression system, the dry bay design model provides an
estimate of suppressant quantity needed to suppress a dry bay fire. Prior to the development of this model
there had been no design guidance for the sizing of halon 1301 dry bay fire suppression systems, though
analysis of results from a previous test effort indicated a halon concentration range between 3 % and 9 %
for a protection system incorporating a non-discriminating fire detection sensor, and a range between 6 %
and 12 % for a system incorporating a discriminating sensor.'’
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254 Impact of Halon Alternative Fire Suppression to the Aircraft

Nacelle/APU Fire Suppression Applications

As the DoD has relied heavily on halon 1301 for aircraft fire suppression applications, the impact of what
was learned during the TDP as well as from subsequent aircraft-specific development and testing efforts
has become clear. Application of the outcomes from the TDP would result in halon alternative fire
suppression systems that, relative to halon 1301 systems, would:

e  Weigh more, due to both the increased mass of suppressant and the increased size of the
bottle required to store the suppressant;

e Be more costly to optimize via enhanced distribution, which itself may lead to an incremental
weight increase; or

e Cost more to support over the lifetime of an aircraft, e.g., increased weight translates to
increased materials required for fabrication as well as increased fuel consumption and thus
increased cost.

For example, on the V-22 fire door, actuators will close off two of three air inlets prior to discharge of the
nacelle fire suppression system, which substantially reduces airflow through the nacelle. It was estimated
that approximately 1.07 kg (2.35 Ib) of halon 1301 would be required to protect each V-22 engine nacelle
under this reduced airflow condition, whereas a fire bottle containing 2.72 kg (6 1b) of HFC-125 is
installed for each nacelle for this same condition (2.55 times the estimated halon 1301 quantity).”*’ At the
time of design and qualification of the V-22 nacelle fire suppression system, the TDP design equations
had not yet been developed. However, the then-available mass equivalence ratio for HFC-125 mass
quantity relative to halon 1301 and a flame suppression number (FSN) were applied in the design analysis
for the V-22 system.

Legacy AH-1W/UH-IN aircraft have two fire bottles, primary and reserve, each containing 0.9 kg (2 1b)
of halon 1301 for engine nacelle fire protection. The upgraded versions of these aircraft, the AH-1Z/
UH-1Y, include exhaust suppression systems. Simply adding such systems can require requalification of
a nacelle fire suppression system as nacelle airflow, compartment temperature and suppressant
distribution can be impacted. However, these aircraft were also required to implement HFC-125 as the
halon-alternative fire suppressant. Examination of the analysis approach to determine the needed HFC-
125 mass quantity, which was similar to that used for the V-22, suggested that 1.36 kg (3 Ib) of halon
1301 would have been required to protect the nacelles, but these aircraft now have a single fire bottle
containing 3.72 kg (8.2 Ib) of HFC-125, a single discharge system."’' This was the mass quantity
determined to be necessary to meet a concentration requirement based on application of the TDP
concentration equation. Thus relative to a need to only discharge a single fire bottle on the legacy
aircraft, the upgrade aircraft HFC-125 suppressant quantity represents an increase of over 2.7 times the
potential halon 1301 quantity required and 4 times the halon 1301 installed on legacy aircraft.

For halon 1301, peak flammability limit is indicated by the FAA as the rationale for the 6 % volumetric
concentration certification requirement. = What the preceding discussion of halon alternative
implementation indicates, and what Figure 2-62 illustrates, is that implementing a chemical halon
alternative for nacelle fire suppression, in this case HFC-125, is likely to require well over twice the mass
quantity of suppressant relative to halon 1301, if typical nacelle fire suppression system design practices
are followed. (Figure 2-62 provides a graphical comparison of the current halon 1301 certification



Halon Alternative Technology Development Program (TDP) 97

requirements, the minimum and maximum HFC-125 design equation concentrations and the FAA
HFC-125 minimum performance standard vs. various published peak flammability limits for both halon
1301 and HFC-125.)
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Figure 2-62. Comparison of Halon 1301 Certification Requirement and HFC-125 Design
Equation Limits vs. Published Flammability Limits.”™"

Typical design practices usually entail using design guidance (i.e., equations) to estimate suppressant
mass quantity needed, conducting analysis of nacelle airflow characteristics for the purposes of designing
the suppressant distribution system and discharge location or locations within the nacelle, and then
performing qualification tests and, if necessary, adjusting the discharge locations in order to pass
qualification; i.e., try different nozzles on the ends of the distribution tubing or changing the orientation of
the discharge locations. Though the systems may then meet certification requirements, the entire process
can result in non-optimized suppressant distribution, which is illustrated in Figures 2-63 and 2-64.

il 1y Bigure 2-62, the n-heptane flammability limit is from Reference 65. i-Butane, Methane, Propane (max) and Propane
(min) flammability limits are from Standard for Clean Agent Fire Extinguishing Systems, NFPA 2001, 2000 Edition.
Propane (TDP) flammability limit is from Reference 13. The WADC Ceritical Saturation Value is from Reference 105.
TDP Design Equation Min and Max values are from Reference 90. It is interesting to note that the same halon 1301
volumetric concentration determined by the WADC in 1959 was also indicated in later work described in Dyer, J.H.,
Marjoram, M.J., and Simmons, R.F., “The Extinction of Fires in Aircraft Jet Engines — Part III, Extinction of Fires at Low
Airflows,” Fire Technology, 13, 126-138 (1977).
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Figure 2-64. Example of Non-Optimized HFC-125 Nacelle Concentration Distribution.
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In the case of the F/A-18E/F aircraft, optimizing the nacelle fire suppression system distribution resulted
in the fielding of a nacelle fire suppression system with an HFC-125 mass quantity (3.17 kg, 7.0 1b) only
1.27 times of that required for the halon 1301 system (2.49 kg, 5.5 1b) on legacy F/A-18 aircraft. While it
has been long promoted that the distribution system itself is probably the most important single factor in
system design,'*” the distribution system design on the F/A-18E/F resurrects the concept of increased
dwell time within the nacelle after discharge. This implementation parallels a recommendation following
detailed review of the F-22 full-scale engine nacelle fire test program to maintain suppressant inerting
concentrations for an appropriate duration by optimizing delivery and distribution.'”® The F-22 is
discussed later in this section. Though the F/A-18E/F system is an HRD system, the suppressant dwell
time throughout the entire nacelle is similar to the duration requirement for historical conventional system
designs in that the dwell at or above the HFC-125 critical suppressant volume fraction (8.7 %) is
maintained for at least 2 s. However, in the portion of the nacelle for which there is a hot-surface ignition
threat the suppressant concentration was at or above the flammability limit for at least 0.5 s. An example
of this concept is shown in Figure 2-65. Strict application of the HFC-125 concentration equation for the
F/A-18E/F would have imposed a certification requirement of 18.5 % volumetric concentration
throughout the nacelle for 0.5 s minimum.*’ In the case of the F/A-18E/F aircraft, it was necessary to
optimize suppressant distribution to utilize the physical location of the fire bottle, which was to remain
unchanged from the legacy F/A-18C/D design unless significant and costly aircraft structural
modifications were pursued. It is interesting to note that even if an 18.5 % volumetric concentration
requirement were imposed, the design guidance for the HFC-125 equations indicates that they are
intended to provide protection for fire events not subject to hot surface reignition.”

The F/A-18E/F experience is an example of aircraft program managers trading the impacts associated
with various design options. These trades also take into consideration the amount of resources available
to evaluate trade options adequately. Thus, limitation of such resources for another aircraft program
manager may only permit traditional design practices to be applied. However, either scenario necessitates
that the fire suppression system design be optimized to the greatest extent practicable. Chapter 8 provides
detailed discussion of the CFD analysis tool developed under the NGP, which is intended for use by
aircraft nacelle fire suppression system designers to optimize suppressant distribution.

Another issue that was investigated during the F/A-18E/F testing efforts relates to the use of the Statham
and Halonyzer suppressant concentration gas analyzers used currently to certify nacelle fire suppression
systems. The issue of response time of such equipment was investigated during the TDP, and during the
F/A-18E/F efforts, testing was conducted to show that such equipment may miss the concentration levels
that actually result in fire suppression.'** That this could occur had been noted in early application of the
Statham analyzer, for which it was concluded that as the suppressant-air mixture was drawn into a
sampling tube, normal gas diffusion would tend to level peak concentrations if the peak is preceded and
proceeded by lower concentrations.'” A qualitative conclusion derived from the F/A-18E/F evaluation
was that such equipment may be a good technique for suppressants that chemically interact with the
combustion process, such as halon 1301, but may be limited in use with suppressants such as HFC-125,
which physically interact with the combustion process. Thus following traditional design practices,
HFC-125-based nacelle fire suppression systems may then be designed to accommodate more mass than
is actually required. The NGP has transferred to the DoD test and evaluation community detailed
information for the development and use of a Differential Infrared Rapid Agent Concentration Sensor
(DIRRACS-2), which is described further in Chapter 5. Application of CFD modeling and DIRRACS-2
can be used to resolve these issues in nacelle fire suppression system design.
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Another fire suppression methodology that was developed concurrent with the TDP and subject to HASG
oversight was the solid propellant gas generator (SPGG), which disperses an inert gas mixture of
nitrogen, carbon dioxide, and water vapor. Similar to gas generators developed for automobile airbags,
these devices rapidly generate large quantities of this inert gas mixture, which results from internal
combustion of multiple pellets (or grains) of the propellant. The mixture is very hot upon exit from the
device but cools rapidly as it expands within the compartment into which it is discharged. Full-scale
engine nacelle fire suppression testing for the USAF F-22 evaluated HFC-125 along with inert and
chemically-active gas generator technology.”® The USN had previously evaluated the inert gas generator
technology for nacelle fire suppression for the F/A-18E/F and demonstrated that similar mass quantities
of halon 1301 and the inert solid propellant would suppress fire and prevent reignition.'*> During testing
on the F-22 program, distribution lines from the generators to the nacelle would become white hot during
discharge and for a brief period thereafter. In testing performed by the USN using a “single grain” inert
gas generator, the same effect of heating of the distribution line during discharge was also noted. Placing
inert gas generators within a nacelle and thus eliminating the need for distribution lines had been
previously considered impractical due the potential degrading effect of the nacelle operating temperature
environment on the life of the solid propellant. Inconel distribution lines were demonstrated to not melt
but would still become white hot. The NGP subsequently developed and performed evaluations of solid
propellant formulations that generate cooler effluent that is also more efficient at fire suppression
(Chapter 9).

It was during the F-22 nacelle fire suppression evaluations that these newer, chemically-active gas
generator propellant formulations were tested in a full-scale application for the first time. In general at
least 25 % to 50 % less chemically-active propellant mass was required to suppress nacelle fires relative
to the amount of inert propellant mass. For one formulation over 70 % less mass relative to the inert
propellant provided successful fire suppression. However, the biggest surprise from the F-22 evaluations
was that the same mass quantity of halon 1301 and HFC-125, 6.4 kg (14.1 1b) each, suppressed the worst-
case hot-surface reignition fire threat condition in the F-22 nacelle.'*> Though the suppressant mass was
similar, in-depth analysis of the suppressant concentrations at the fire zone revealed that the inerting
concentration (flammability limit) of halon 1301 was approximately a factor of two smaller than that of
HFC-125. It was also noted that 8 s after suppressant discharge, the concentrations in this zone remained
above the flammability limit. This 8 s dwell correlated with the criterion established for successful fire
suppression, which was no occurrence of reignition within 8 s after suppression.'> Based on this testing,
the USAF implemented nacelle fire suppression for the F-22 aircraft using 14 Ib of HFC-125.

The U.S. Army had also conducted an extensive halon alternative test and evaluation effort for the
Comanche aircraft program. That effort was still in progress when the Comanche program was cancelled
by the DoD. Extensive work had been done to replicate the nacelle conditions during flight modes, create
the nacelle fires for those conditions, evaluate the potential hot-surface-reignition threat, and determine
the agent quantity necessary to ensure suppression. Requirements for the system included reserve fire
suppression capability. HFC-125 and, to a lesser extent, inert gas generators were evaluated. Since the
majority of the testing had been conducted using HFC-125, it was selected as the agent for use in system
optimization testing that was to be performed. At the time of program cancellation, no HFC-125 mass
quantity had been established that would suppress fire under all test conditions, and the program had
begun to evaluate trades related to retaining the reserve fire suppression capability, certification metrics
and testing, and “fire-out” success criteria in testing.'*® Currently, the Halon Replacement Program of the
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U.S. Army Program Executive Office, Aviation, is evaluating use of HFC-125 as the halon replacement
on CH-47 Chinook helicopters.

As of the writing of this book, halon alternative testing by the Fire Safety Branch at the FAA Hughes
Technical Center had recently been completed. That testing evaluated HFC-125, CF;I and, more recently,
FK-5-1-12 or dodecafluoro-2-methylpentan-3-one (CF;CF,C(O)CF(CF3),) for nacelle fire suppression
applications in commercial aircraft. Findings to date of notable interest for DoD consideration are
concentrations required to suppress spray and pool fires and an overpressure phenomenon. Contrasting
results from previous testing, higher HFC-125 and CF;l concentrations have been required for
suppression of nacelle spray fires than pool fires. Also, HFC-125 and another halon alternative tested,
bromotrifluoropropene (2-BTP), were observed to produce overpressure phenomena subsequent to
reignition within the test fixture flow path. Initial conclusions were that each suppressant appeared to act
as a fuel in some instances, and that the phenomenon was not 100 % reliable.””” The overpressure
phenomenon had also been observed with HFC-125 and 2-BTP in cargo compartment fire suppression
testing. During simulated aerosol can explosion tests conducted to evaluate explosion suppression
performance for aircraft cargo compartments, tests were conducted to provide 2-BTP volumetric
concentrations of 3 %, 4 %, 5 %, and 6 %. An overpressure occurred in each test — the associated
overpressures were 530 kPa (63 psig), 530 kPa (63 psig), 780 KPa (100 psig), and 7.3 kPa (93 psig),
respectively. 2-BTP enhanced the explosion event with as much as 4 times greater pressures than the
unsuppressed event and 23 times greater than the halon 1301 benchmark concentration (2.5 %). HFC-125
was also observed to enhance the explosion event when its concentration was below 11.0 %. It doubled
the blast pressure pulse peak, and it produced explosion overpressures of 4460 kPa (53 psig) in tests that
provided concentrations of 8.9 % and 11 % by volume. No explosion event was observed when the
concentration of HFC-125 was 13.5 % by volume.”®  Bromotrifluoropropene evaluation was
discontinued in the nacelle fire test program. The FAA minimum performance standard (MPS) for
certifying use of HFC-125, CF;l or, FK-5-1-12 in nacelle fire suppression applications is now being
developed. The reader is referred to the Fire Safety Branch at the FAA Hughes Technical Center to learn
more, particularly in regard to flame attachment behavior observed during testing with CF;I and
FK-5-1-12.7"

Dry Bay Fire Suppression Applications

Both the USAF F-22 and C-130J LFT programs evaluated HFC-125 and gas generator technology for use
in dry bay fire suppression. Both programs evaluated inert and chemically-active gas generators. The
F-22 testing also evaluated a pyrotechnically-augmented liquid agent system (PALAS) that utilized
HFC-227ea. The F-22 testing was specific to the F-22 main landing gear dry bay whereas the C-130J
testing evaluated wing dry bays. Figure 2-66 shows a summary of results from the C-130J testing.
Results from the F-22 testing are summarized in Table 2-15. These test programs provided the first full-
scale comparisons of gas generator fire suppression effectiveness relative to near-term chemical halon
alternatives identified during the TDP (HFC-125, HFC-227ea). Both of these test programs clearly
showed that on a mass basis, less solid propellant was required to suppress a dry bay fire relative to the
chemical alternatives tested, particularly when a chemically-active propellant was used. During the F-22
testing it was found that less than half of the chemically-active propellant was required to effect
suppression as compared to the inert propellant.

X5 hitp://www.fire.te.faa.gov/
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Replica Test Article Production Test Article
# API Shots Weight # API Shots Demonstrated
Selected (lbs) Weight (Ibs)
Wing Leading Edge
HFC-125 28 2.16 5 2.16
* SPGG 10 0.93 4 0.93
Wing Engine Area
HFC—125 17 2.80 2 2.80
SPGG 8 0.93 2 0.93
Wing Trailing Edge
HFC—125 16 — 0 —
SPGG 8 1.38 2 1.86

* Wing Leading Edge SPGG testing included FS01—40 and PAC—3302 agents

Figure 2-66. Summary of HFC-125 and SPGG Fire Suppression Results from
C-130J Live Fire Testing."*

Table 2-15. Minimum Fire Suppressant Quantities from F-22 Main Landing Gear Dry Bay

Where Noted.'

Live Fire Testing, 150-grain Fragment Threat and Jet Fuel Except

Suppressant Delivery 5 ms 5 ms and 105 400 ms 400 ms and 500 ms
(a) System Delay ms Delay Delay 480 ms Delay Delay
HFC-125 Nitrogen 0.68 kg (b) N/A N/A N/A N/A
Pressurized
Bottle
HFC-125 Nitrogen 0.91kg N/A N/A N/A 1.51b
Pressurized
Bottle
HFC-125 Nitrogen N/A N/A N/A N/A L.13 kg (¢
Pressurized
Bottle
HFC-227ea PALAS 1.11kg N/A N/A N/A N/A
Fan
Nozzle
HFC-227ea PALAS 0.89 kg N/A N/A N/A N/A
Radial
Nozzle
FS01-40 Inert SPGG N/A 2x0.52 kg N/A 2x0.21 kg N/A
(1.03 kg) (0.42 kg)
FS01-40 Inert SPGG N/A N/A N/A 2x035kg N/A
(0.70 kg) (¢
PAC-3302 Chemically N/A 2x0.19 kg 0.19 b N/A N/A
Active SPGG (0.38 kg)

(a) A total of 24 tests were conducted using HFC-125, 21 tests were conducted using HFC-227ea, 19 tests were

conducted using inert SPGGs, and 10 tests were conducted using chemically-active SPGGs.
(b) Flammable fluid tested was hydraulic fluid.
(c) Ballistic threat was 23 mm HEI. Only HFC-125 and inert SPGGs were evaluated against this threat.
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Figure 2-67 illustrates the rapidity with which fire suppression is achieved using gas generators for
suppression of ballistically-induced fires within an aircraft dry bay compartment.

HLE-P-HFC-83
25 JAH 95

-

HI-TL 8 +I0-00.5

Figure 2-67. Time Sequence of Dry Bay Compartment Fire Suppression by Inert Gas
Generators, Complete Suppression within 600 ms."**

The inert gas generator technology has been implemented for dry bay fire suppression on the USN
F/A-18E/F and MV-22 and on the USAF CV-22; the chemically-active technology was not mature at the
time that these systems were required to be developed. Figure 2-68 provides an illustration of the system
implementation on the MV-22, without auxiliary wing fuel tanks. On the V-22, this system is referred to
as the wing fire protection system (WFPS). The gas generators provide ballistic dry bay fire protection
for the various wing dry bays and both ballistic and safety fire protection in the mid-wing compartment,
which contains an APU, gearbox, shaft driven compressor, hot air ducting, electrical generators, and other
equipment. Discharge of the generators in the mid-wing compartment is sequenced to preclude
overpressurization of the compartment. During qualification testing of the WFPS for the mid-wing
compartment it was observed that, even though the fires were quickly extinguished, it was noted upon
review of the test videotapes from each of the tests that the fire location shifted position around the
compartment, i.e., the fire would be pushed to different locations within the compartment as each of the
gas generators would discharge until combustion could no longer be sustained.'"'
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Figure 2-68. V-22 Inert Gas Generator Fire Suppression System.'?
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The V-22 WFPS development effort included a requirement for the capability to measure gas
concentration levels within the midwing compartment to demonstrate adequate distribution of the inert
gases within the compartment, though no specific gas concentration levels and duration time were set as
pass-fail criteria. A gas sampling system was assembled using fast-response CO, and oxygen sensors,
and gases were drawn from the compartment through 5 m long, 1 mm inside-diameter Tygon tubing.
Response time of the concentration measurement sensors was on the order of 120 ms for the CO, sensors
and 50 ms for the oxygen sensors. In general, lower CO, was measured at locations closest to airflow
inlets and was greatest at locations near the inert gas generators and where air was drawn out of the
compartment, though peak CO, concentrations between 13 % and 26 % were recorded.'' This
concentration measurement technique was also utilized during the F-22 engine nacelle test series in an
attempt to correlate fire suppression with oxygen and CO, concentrations within the nacelle. Analysis of
the data could not support any correlation.”® Detailed analysis of these measurements suggested that the
instrumentation could have been contaminated by particulates, water vapor, condensed water vapor, or
hydrocarbon vapor. The need to better characterize the mechanisms by which gas generator as well as
other fire suppression technology provides fire suppression in a real-world environment such as an engine
nacelle led to NGP efforts to develop the Transient Application, Recirculating Pool Fire (TARPF), agent
effectiveness screen, which is described in Chapter 6.

Inert gas generators have thus far been proven to be effective though they currently require replacement
every five years. On the V-22 there are 17 generators. Given that similarly sized or even larger aircraft
could require similar or even larger numbers of these devices, if implemented for dry bay fire protection,
the weight and logistics impact (i.e., unit costs, spares provisioning) over the lifetime of an aircraft
becomes magnified. As shown in Figure 2-69, fire suppression testing of newer chemically-active solid
propellant formulations under the NGP has demonstrated at least a 50 % reduction in propellant mass.

Currently Fielded
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Figure 2-69 NGP Testing Results Comparing Solid Propellant Inert Gas Generator
Propellant Mass vs. Chemically Active Gas Generator Propellant Mass.'*
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Aircraft dry bay fire testing conducted by the USN using one of the newer propellant formulations has
demonstrated on-aircraft fire suppression with such reduction in propellant mass.'*'** However,
application of single passive extinguisher (SPEX) concepts has received increased attention. SPEX
concepts focus on system simplification, eliminating the subsystems normally associated with active fire
suppression systems (i.e., no fire detection system, no crew alerting and controls, and no system health
monitoring). These concepts are a recent emergence within the DoD and testing of several concepts has
been sponsored by the Joint Aircraft Survivability Program Office (JASPO). Concepts evaluated to date
have been for dry bay fire suppression,'*’ and one concept using a plastic, heat sensing tube connected to
a low pressure container with monnex dry chemical extinguishant is planned for implementation on the
V-22 for wheel well dry bay fire protection. Initially, chemically-active gas generators were one of
several options being considered for dry bay fire suppression on the USN P-8 MMA,** but SPEX
approaches are also being investigated. Chapter 9 describes the inert gas generator technology and the
technologies and techniques developed under the NGP related to improving their performance.

XXXV

Ullage

Explosion suppression experiments were conducted to determine the ability of the SCS and LFE reactive
ullage protection technologies to suppress ballistically-induced ullage fire/explosion events, with FC-218,
HFC-227ea, HFC-125, and pentane tested using the LFE and just pentane using the SCS. Ballistic threats
tested were single 110-grain fragment, 12.7 mm API, and 23 mm HEI. Detection systems were not
integral to the tests and thus the results do not take into consideration detector-related delays. The tests
were sponsored by the Joint Technical Coordinating Group for Aircraft Survivability (JCTG/AS), now
known as the Joint Aircraft Survivability Program (JASPO), and were conducted by the USN.

SCSs filled with pentane to provide a 47 % concentration (approximately 0.54 mass fraction) suppressed
explosions in a 0.85 m® (30 ft’) volatile ullage simulator when initiated by both a single 110-grain
fragment and a 12.7 mm API. Partial suppression only was realized against the 23 mm HEI. In the same
ullage simulator partial suppression only was realized against the 12.7 mm API in all tests of FC-218,
HFC-227ea, HFC-125, and pentane using the LFE. The greatest concentrations of each were as follows:
FC-218, 38.8 % (0.67 mass fraction); HFC-227¢a, 42 %, (0.67 mass fraction); HFC-125, 52.5 %
(0.64 mass fraction); and pentane, 37.5 % (0.48 mass fraction). Testing of varying amounts of each
suppressant allowed definition of the effect of agent concentration and mass fraction on peak pressure in
the simulator, as shown in Figure 2-70.

Examination of the concentration data revealed that, of the suppressants tested, pentane edged out FC-218
as having the best suppression efficiency, followed by HFC-227ea, and then by HFC-125. Comparison of
peak explosive pressure as a function of suppressant mass fraction revealed that the amount of pentane
required to achieve the suppression level of FC-218, HFC-227ea, and HFC-125 was 70 % of the amount
needed for those three suppressants (i.e., 30 % less pentane was required).

As of the writing of this book, none of the DoD services has pursued additional evaluation of the reactive
suppression technologies using halon alternative suppressants in aircraft fire suppression applications.

¥ This section is based on Reference 33. Summary and Conclusions from that report are presented with minor editing for
presentation within this chapter.
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Forward-Looking Considerations

Major aircraft acquisition programs today include those for unmanned air vehicles (UAV), the USN P-8
MMA program, the USAF-USN-USMC F-35 Joint Strike Fighter (JSF), and the joint USN and U.S.
Army Blackhawk/Seahawk Program. UAVs are being utilized with greater frequency during military
conflicts. A review of potential cost effective survivability enhancements identified that passive fire
suppression for large category UAVs and active fire suppression for Unmanned Combat Aerial Vehicles
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(UCAV) are potential cost-effective survivability enhancements for these aircraft.'*® Dry bay fire

suppression is planned for the JSF. However, it is a single-engine aircraft, which typically is not provided
with nacelle fire suppression. This is because that the typical approach for nacelle fire suppression first
involves isolating the nacelle compartment, meaning the pilot shuts off fuel flow, and that the fuel for a
nacelle fire is likely that provided to the engine to generate propulsion power for flight. Reduction in or
loss of that flow itself can or will lead to loss of thrust and thus lift and flight control. However, given the
lessons learned from the Southeast Asia conflict and that a few extra minutes of flight may reduce
likelihood of pilot fatality or enemy capture, the DoD’s JASPO is currently sponsoring investigation and
testing of automatic nacelle fire suppression concepts as a survivability enhancement, particularly for
single engine aircraft applications.'"’

As long as the DoD components (Army, Navy, and Air Force) operate current and procure new manned
multi-engine aircraft, there will be a requirement for engine nacelle fire suppression. Likewise, for new
aircraft procurements, the Live Fire Test law will drive requirements for prevention and suppression of
ballistically-induced fires. Aircraft fire suppression systems are categorized as mission critical
applications, for which continued use of halon by the DoD has been permitted by law. New production
aircraft are required to implement a non-ODS alternative or have had executed an ODS waiver certifying
that no viable alternative exists for the application presented by that aircraft. While currently-fielded
aircraft would most certainly continue to operate using the fire suppressant (or suppressants) installed
currently, there are potential uncertainties (e.g., global warming, depletion or destruction of halon banks)
that could impact the type of suppressant implemented in fire suppression systems on these aircraft. With
respect to global warming, parties to the Kyoto Protocol, of which the U.S. is currently not a signatory,
have developed amendments to reduce emissions of fielded HFC systems that are to become effective in
2007.14% 1 Ag of the writing of this book, these requirements would not apply to currently-fielded
HFC-based fire suppression systems on DoD aircraft, but DoD environmental activities are likely to
monitor the effect of these requirements and whether it is beneficial for DoD to implement similar
requirements. The commercial aviation sector is more sensitive to such influences, and it is conceivable
that a commercial-derivative aircraft procurement could include a non-halon non-HFC based fire
suppression system.

Regardless of potential external regulatory influences, the aircraft program manager is constantly
managing risks (i.e., weight, performance, cost, safety and survivability, to name a few). As for any
subsystem on an aircraft, there are weight, performance, and cost trades associated with implementing a
fire suppression system, and the program manger desires to implement the lightest weight, best
performing, lowest cost system. He is concerned with ensuring that aircraft key performance parameters
(KPPs) are met. These parameters include weight, performance (range, drag), reliability, and probability
of kill (Pk). When weight and/or cost are considered too high, the program manger will trade risk
associated with various options, including safety and survivability risks. Such trades receive increased
attention and scrutiny when resources (funds) are constrained. For example, if a specific aircraft
maneuver drives a worst-case nacelle airflow condition, which in turn drives high the suppressant

»i The Kyoto Protocol is an agreement made under the United Nations Framework Convention on Climate Change
(UNFCCC). Countries that ratify this protocol commit to reduce their emissions of carbon dioxide and five other
greenhouse gases, or engage in emissions trading if they maintain or increase emissions of these gases. The five other gases
are methane, nitrous oxide, sulfur hexafluoride, hydrofluorocarbons or HFCs, and perfluorocarbons or PFCs. The USAF
CV-22 and F-22, the USMC MV-22, and the USN F/A-18E/F use HFC-125 in their nacelle fire suppression systems. HFC-
125 is also approved for use by DoD, as well as by the FAA, as a halon 1301 simulant for certification testing of halon 1301
nacelle fire suppression systems.
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quantity for a fire suppression system, yet performing such a maneuver is a small exposure over the
projected lifetime of the aircraft, the program manager may accept the safety risk associated with fire
occurrence during that exposure in order to proceed with a lighter weight fire suppression system.
Likewise, from a survivability perspective, the program manager may trade passive protection techniques
against active techniques for dry bay fire protection. He may find that the aircraft vulnerable area
requirement can be met by implementing passive protection techniques at the risk of not protecting
another compartment that requires an active system and yet still meet the aircraft Pk KPP. That the NGP
has developed tools such as CFD modeling for design, development and optimization of nacelle fire
suppression systems and cost modeling for assessing the life cycle cost benefit of providing nacelle and
dry bay fire suppression systems should benefit the program in conducting risk trades. Better performing
enhanced powder panels, chemically-active gas generators, and hybrid fire suppression techniques should
provide the program manager options previously unavailable in making such trades.

2.6 REFERENCES

1. Weiss, S. and Pesman, G.J., “Bibliography of Unclassified Aircraft-Fire Literature,” National Advisory
Committee for Aeronautics Research Memorandum E9HO03, 1949.

2. Weiss, S. and Pesman, G.J., “Bibliography of Classified Aircraft-Fire Literature,” National Advisory
Committee for Aeronautics Research Memorandum E9HO03a, 1949.

3. Dallas, A.W. and Hansberry, H.L., “Determination of Means to Safeguard Aircraft from Powerplant
Fires in Aircraft, Part I,” Civil Aeronautics Administration Technical Development Report No. 33, 1943.

4. Ball, R.E., The Fundamentals of Aircraft Combat Survivability Analysis and Design, Second Edition,
American Institute of Aeronautics and Astronautics, Inc., New York, NY, 2003.

5. Preliminary Survey of the Aircraft Fire Problem, National Advisory Committee for Aeronautics
Research Memorandum E8B18, 1948.

6. Pesman, G.J., “Analysis of Multiengine Transport Airplane Fire Records,” National Advisory
Committee for Aeronautics Research Memorandum E9J19, 1950.

7. Hughes, D. and Dornheim, M.A., “No Flight Controls,” Aviation Week and Space Technology,
8 December 2003.

8. Fire Suppression Substitutes and Alternatives to Halon for U.S. Navy Applications, National Academy
Press, Washington, DC, 1997.

9. Tedeschi, M. and Leach, W., “Halon 1301 Fire Suppression System Effectivity Aboard U.S. Naval
Aircraft,” 1995, in Gann, R.G., Burgess, S.R., Whisner, K.C., and Reneke, P.A., eds., Papers from 1991-
2006 Halon Options Technical Working Conferences (HOTWC), CD-ROM, NIST Special Publication
984-4, National Institute of Standards and Technology, Gaithersburg, MD, 2006.

10. Electronic Communication (email) between Donald Bein, NAVAIR - Naval Air Warfare Center
Aircraft Division, Lakehurst, and Joseph Manchor, NAVAIR - Naval Air Warfare Center Weapons
Division, China Lake, 15 August 2005, 15 September 2005, and 3 October 2005.

11. Bennett, J.M. and Kolleck, M.L., “Assessing the Cost Impact of Halon Alternatives on Aviation,”
1997, in Gann, R.G., Burgess, S.R., Whisner, K.C., and Reneke, P.A., eds., Papers from 1991-2006 Halon
Options Technical Working Conferences (HOTWC), CD-ROM, NIST Special Publication 984-4,
National Institute of Standards and Technology, Gaithersburg, MD, 2006.



110 History of Fire Suppression in Aircraft

12. O’Bryon, J.F., “Think Globally, Act Globally,” 1999, in Gann, R.G., Burgess, S.R., Whisner, K.C.,
and Reneke, P.A., eds., Papers from 1991-2006 Halon Options Technical Working Conferences
(HOTWC), CD-ROM, NIST Special Publication 984-4, National Institute of Standards and Technology,
Gaithersburg, MD, 2006.

13. Gann, R.G., ed., Fire Suppression System Performance of Alternative Agents in Aircraft Engine and
Dry Bay Laboratory Simulations, vol. 2, NIST Special Publication SP 890, National Institute of Standards
and Technology, Gaithersburg, MD, 1995.

14. Chamberlain, G. and Boris, P., “Testing of the Engine Compartment Fire Extinguishing System in the
F/EF-111,” Report No. AFWAL-TR-87-2066, Air Force Wright Aeronautical Labs, Wright Patterson Air
Force Base, OH, 1987.

15. The 737 Information Site, http://www.b737.org.uk/, Copyright Chris Brady, 1999.

16. Doyle, D.D. 1Lt., “F-15 Secondary Power Systems,” Wright Patterson Air Force Base Power
Division, 2000 Aging Aircraft Conference.

17. Robaidek, M.F., “Aircraft Dry Bay Fire Protection,” Flight Dynamics Laboratory, Air Force Wright
Aeronautical Laboratories, Prepared by Boeing Military Airplane Company, Report AFWAL-TR-87-
3032, 1987.

18. Heinonen, E.W., Moore, T.A., Nimitz, J.S., Skaggs, S.R., Beeson, H.D., and Moussa, N.A.,
“Fire/Explosion Protection Characterization and Optimization: Phase II — Alternative Dry Bay Fire
Suppression Agent Screening,” NMERI OC 90/20, Report JTCG/AS-90-T003, 1990.

19. Electronic Communication (email) from Paul Frisinger, 2nd Lt USAF, F-22 System Program Office,
Wright Patterson Air Force Base, 1 March 2006.

20. Bernier, R.G., Enoch, W., Lake, R.E., Mowrer, D.W., and Vikestad, W.S., “Aircraft Fuel System Fire
and Explosion Suppression Design Guide,” U.S. Army Aviation Research and Technology Activity,
Aviation Applied Technology Directorate Report USAAVSCOM TR 89-D-16 (JTCG/AS 89-T-005),
February 1990.

21. Wong, K. and Fett, C., “Evaluation of Halon 1301 Fire Extinguishing Systems for Dry Bay Ballistic
Problems,” Report No. AFWAL-TR-84-3112, Wright Patterson Air Force Base Flight Dynamics
Laboratory, 1985.

22. Cyphers, D.C., “Enhanced Powder Panels, “Final Report to SERDP,” Skyward, Inc., 2004.

23. Technology Development Plan for Alternatives to Ozone-Depleting Substances for Weapons Systems
Use, Final Report, ODUSD (S&T) Weapons Systems, 1998.

24. Background to Thermal Control Company’s Development of Combat Fire Suppression Systems for
Aircraft, Fighting Vehicles, and Ships, AirScrew Ltd, U.K., not dated.

25. COBRA Primary Fire Suppression System for Fixed and Rotary Wing Aircraft, AirScrew Ltd, UK.,
not dated.

26. Bailey, D.B., Lewinski, D.F., Reynolds, T.L., and Roseburg, C.M., “NAS1-20341 Aircraft and
Spacecraft Guidance and Controls Research Task Order 11: Onboard Inert Gas Generation
System/Onboard Oxygen Gas Generation System (OBIGGS/OBOGS) Study (Subtask 1) Revision A,”
Boeing Commercial Airplanes Group, 19 July 2000.

27. Lewinski, D., “Halon Replacement for Airplane Cargo Compartments,” 2005, in Gann, R.G.,
Burgess, S.R., Whisner, K.C., and Reneke, P.A., eds., Papers from 1991-2006 Halon Options Technical
Working Conferences (HOTWC), CD-ROM, NIST Special Publication 984-4, National Institute of
Standards and Technology, Gaithersburg, MD, 2006.



References 111

28. Fuel Tank Harmonization Working Group (FTHWG) Final Report, Aviation Rulemaking Advisory
Committee (ARAC), 1998.

29. Fuel Tank Inerting Harmonization Working Group (FTIHWG) Final Report, Aviation Rulemaking
Advisory Committee (ARAC), 2001.

30. Cavage, W.M., “Developing a Fuel-Tank Inerting System for Commercial Transport Airplanes,”
Aircraft Survivability, 2005.

31. Bennett, G., “Review of Technologies for Active Suppression of Fuel Tank Explosions,” 2000, in
Gann, R.G., Burgess, S.R., Whisner, K.C., and Reneke, P.A., eds., Papers from 1991-2006 Halon Options
Technical Working Conferences (HOTWC), CD-ROM, NIST Special Publication 984-4, National
Institute of Standards and Technology, Gaithersburg, MD, 2006.

32. Explosion Suppression, Aviation Rule Making Advisory Committee (ARAC) Fuel Tank
Harmonization Working Group, Task Group 2, 1998.

33. Bernardo, A.B., “Testing of Active Ullage-Suppression Systems with Agents Alternate to Halon
1301,” Naval Air Warfare Center Weapons Division Report NAWCWPNS TM 8006 (JTCG/AS-96-V-
002), 1998.

34. Legg, D. and Landfield, J., “Addressing Maritime Patrol Aircraft Survivability,” Aircraft
Survivability, 2005.

35. Joint Service Specification Guide (JSSG), Air Vehicle Subsystems, JSSG 2009, Appendix G: Air
Vehicle Fire and Explosion Hazard Protection Subsystem, Requirements and Guidance, Department of
Defense, 1998.

36. Fuel Tank Inerting, Aviation Rule Making Advisory Committee (ARAC) Fuel Tank Harmonization
Working Group, Task Group 3, 1998.

37. Vanhorn, S.R. and Vitali, J.A., “Fuel Inertion Live Munitions Testing,” 1999, in Gann, R.G., Burgess,
S.R., Whisner, K.C., and Reneke, P.A., eds., Papers from 1991-2006 Halon Options Technical Working
Conferences (HOTWC), CD-ROM, NIST Special Publication 984-4, National Institute of Standards and
Technology, Gaithersburg, MD, 2006.

38. Van Horn, S.R., “Final Report, F-16 Fuel Tank Inerting System (Halon 1301) Replacement Chemical
Study,” Report Number F-16-01-TR-1001, Wright Patterson Air Force Base F-16 System Project Office,
2000.

39. Rupnik, J., Bowman, R.G., and Berrill, P., eds, Independent Review Panel Report: Suitability of CFsl
to Replace Halon 1301 as the Inerting Agent in Wing Fuel Tanks on the F-16 Aircraft, HydroGeoLogic
Report No. R09-02.881.doc, 2002.

40. Gann, R.G., “Suitability of CF;I to Replace Halon 1301 as the Inerting Agent in Wing Fuel Tanks on
the F-16 Aircraft,” 2003, in Gann, R.G., Burgess, S.R., Whisner, K.C., and Reneke, P.A., eds., Papers
from 1991-2006 Halon Options Technical Working Conferences (HOTWC), CD-ROM, NIST Special
Publication 984-4, National Institute of Standards and Technology, Gaithersburg, MD, 2006.

41. Wuebbles, D.J. and Li, Y., “Potential Impacts of CF;I on Ozone as a Replacement for CF;Br in
Aircraft Applications,” 2005, in Gann, R.G., Burgess, S.R., Whisner, K.C., and Reneke, P.A., eds., Papers
from 1991-2006 Halon Options Technical Working Conferences (HOTWC), CD-ROM, NIST Special
Publication 984-4, National Institute of Standards and Technology, Gaithersburg, MD, 2006.

42. Next-Generation Fire Suppression Technology: Strategy for a National Program, Office of the
Director, Defense Research and Engineering, 1996.



112 History of Fire Suppression in Aircraft

43. Finnerty, A.E., Peregino, P.J., Vande Kieft, L.J., Tucker, J.R., Weiland, D.E., Sheinson, R.S., Gann,
R.G., Bennett, M.V., and Wheeler, J.A., “Fires Experienced and Halon 1310 Fire Suppression Systems in
Current Weapon Systems,” Report SURVIAC TR-00-007, United States Air Force — Air Force Research
Laboratory — Survivability and Safety Branch, 2003.

44. Bein, D., “In-Flight Suppressant Deployment Temperatures,” 2004, in Gann, R.G., Burgess, S.R.,
Whisner, K.C., and Reneke, P.A., eds., Papers from 1991-2006 Halon Options Technical Working
Conferences (HOTWC), CD-ROM, NIST Special Publication 984-4, National Institute of Standards and
Technology, Gaithersburg, MD, 2006. Also available from the Defense Technical Information Center
(DTIC), Accession Number ADA444883.

45. Fixed-Wing Aircraft Fire Protection: Halon 1301 Fire Suppression Systems Effectivity Analysis,
NAWCADLKE-MISC-05-SR-0146, Naval Air Warfare Center Aircraft Division, 1994.

46. Rotary Aircraft Fire Protection: Halon 1301 Fire Suppression Systems Effectivity Analysis,
NAWCADLKE-MISC-05-SR-0132, Naval Air Warfare Center Aircraft Division, 1994.

47. Leach, W., “Retrofit Opportunities for HFC-125 in Aircraft Engine Nacelles,” 1999, Papers from
1991-2006 Halon Options Technical Working Conferences (HOTWC), CD-ROM, NIST Special
Publication 984-4, National Institute of Standards and Technology, Gaithersburg, MD, 2006.

48. Electronic Communication (email) from Mike Lupo, Army Materiel Command, Redstone Arsenal,
October 1999.

49. Lupo, M., Spreadsheet of January 1985 — December 1995 Army Rotary Wing Fire Incident Data from
Appendix E of the Comanche Halon Alternative Study prepared by SysTeam, 8 July 1996, Army Materiel
Command, Redstone Arsenal, 1999.

50. Leach, W. and Kubina, M., “Halon Alternative Opportunities for H-60 Helicopters,” 2006, in Gann,
R.G., Burgess, S.R., Whisner, K.C., and Rencke, P.A., eds., Papers from 1991-2006 Halon Options
Technical Working Conferences (HOTWC), CD-ROM, NIST Special Publication 984-4, National
Institute of Standards and Technology, Gaithersburg, MD (2006).

51. Bowman, H.L., Darwin, R.L., and Williams, F.W., “Halon 1211 Alternatives for Fighting Jet Engine
Fires on Flight Decks and Flight Lines,” 2000, in Gann, R.G., Burgess, S.R., Whisner, K.C., and Reneke,
P.A., eds., Papers from 1991-2006 Halon Options Technical Working Conferences (HOTWC), CD-ROM,
NIST Special Publication 984-4, National Institute of Standards and Technology, Gaithersburg, MD,
2006.

52. Beardsley, G.F. and Korl, K., “Report on Japanese Naval Aircraft CO, System Design,” Report No.
F-IR-76-RE, Air Materiel Command, Wright Patterson Air Force Base, 1946.

53. Tyson, J.H. and Barnes, J.F., “The Effectiveness of Ullage Nitrogen-Inerting Systems Against 30-mm
High-Explosive Incendiary Projectiles,” Naval Weapons Center China Lake Report NWC TP 7129
(JTCG/AS-90-T-004), 1991.

54. Shepherd, J.E., Krok, J.C., and Lee, 1.J)., Spark Ignition Energy Measurements in Jet A, Graduate
Aeronautical Laboratories, California Institute of Technology, 1999 Revised 2000.

55. Farenden, P.J., Hirst, R., and Simmons, R.F., “The Extinction of Fires in Aircraft Jet Engines — Part I,
Small-Scale Simulation of Fires,” Fire Technology 12, 266-289, 1976.

56. Gillespie, M.A. (Capt. USAF), SPGG Assessment Program Data Summary (Briefing), Wright
Laboratory Flight Dynamics Directorate, 1997.



References 113

57. Pitts, W.M., Nyden, M.R., Gann, R.G., Mallard, W.G., and Tsang, W., Construction of an
Exploratory List of Chemicals to Initiate the Search for Halon Alternatives, NIST Technical Note 1279,
National Institute of Standards and Technology, Gaithersburg, MD, 1990.

58. Aircraft Fire Protection/Mishap Investigation Course, AFP Associates Inc., Dayton, OH.

59. Linford, R.M. and Dillow, C.F., Optical Emission Properties of Aircraft Combustible Fluids, Air
Force Aero Propulsion Laboratory Report AFAPL-TR-73-83, 1973.

60. Kuchta, J.M., Investigation of Fire and Explosion Accidents in the Chemical, Mining, and Fuel-
Related Industries — A Manual, U.S. Bureau of Mines Bulletin 680, 1986.

61. Jacobson, E. and Spector, O., “Optical Flame & Gas Detection for the Oil & Gas Industry,” FS-
World.com Fire and Safety Magazine, Spring 2005, pp 44-51.

62. Keyser, D.R. and Hewson, J.C., “Predicting Fire Suppression in a Simulated Engine Nacelle,” 2004,
in Gann, R.G., Burgess, S.R., Whisner, K.C., and Reneke, P.A., eds., Papers from 1991-2006 Halon
Options Technical Working Conferences (HOTWC), CD-ROM, NIST Special Publication 984-4,
National Institute of Standards and Technology, Gaithersburg, MD, 2006.

63. McClure, J.D. and Springer, R.J., Environmental and Operating Requirements for Fire Extinguishing
Systems on Advanced Aircraft, Wright Patterson Air Force Base Aero Propulsion Laboratory Report
AFAPL-TR-73-122 (JTCG/AS-74-T-002), 1974.

64. Keyser, D.R. and Hewson, J.C., “Assessment of Fire-Suppression Simulations Using Full-Scale
Engine Nacelle Tests,” 2005, in Gann, R.G., Burgess, S.R., Whisner, K.C., and Reneke, P.A., eds., Papers
from 1991-2006 Halon Options Technical Working Conferences (HOTWC), CD-ROM, NIST Special
Publication 984-4, National Institute of Standards and Technology, Gaithersburg, MD, 2006.

65. Zabetakis, M.G., Flammability Characteristics of Combustible Gases and Vapors, Bureau of Mines
Bulletin 627, U.S. Department of Interior, 1965.

66. Engibous, D.L. and Torkelson, T.R., 4 Study of Vaporizable Extinguishants, The Dow Chemical
Company, WADC Technical Report 59-463, 1960.

67. Department of Defense Handbook MIL-HDBK-310, Global Climatic Data for Developing Military
Products, 23 June 1997.

68. Joint Aviation Regulation 1 (JAR-1), Definitions, Change 5, Joint Aviation Authorities, 15 July 1996.

69. Gann, R., FY2003 Annual Report, Next Generation Fire Suppression Technology Program (NGP),
NIST Technical Note 1457, National Institute of Standards and Technology, Gaithersburg, MD, January
2004.

70. Minutes of the Technology Transition (T2) Meeting, National Institute of Standards and Technology,
27-28 October 1994.

71. V-22 EMD Power Plant Installation Temperature Survey Demonstration Test Report, Bell-Boeing
Report No. 901-993-356, 24 January 2000.

72. SH-2G Helicopter Flight Testing Engine Temperature Survey Test Report, Kaman Aerospace
Corporation Report T-975, 1990.

73. F/A-18E/F Power Plant Temperature Survey Report, Northrup-Grumman Corp., Report NOR 98-303
Revision A, 12 March 1999.

74. Daggett, D., “Small Gas Turbine Engine Nacelle Typical Airflows and Temperature Profiles,”
International Halon Replacement Working Group, April 1999.



114 History of Fire Suppression in Aircraft

75. Roseburg, C., “Engine Nacelle Halon Alternatives,” Halon Alternatives Research Corporation
(HARC) Phoenix Meeting, 12 December 2002.

76. Clodfelter, R. G. and Kuchta, J. M., Aircraft Mishap Fire Pattern Investigations, AFWAL-TR-85-
2057, August 1985.

77. White Paper: The PhostrExTM Fire Suppression System on the Eclipse 500, Pioneering the World’s
First Commercially Viable Halon Replacement, Eclipse Aviation Corporation, 2005.

78. Test Report for Demonstration Flight Tests for Project (SEA) 1411 Fire Extinguishing System
Testing, Kaman Aerospace International Corporation (KAIC) Report T-4006-1, 2000.

79. F/A-18E/F HFC-125 Fire Extinguishing Test Report, Northrop Grumman Corp., Report NOR 99-303,
18 February 1999.

80. Kolleck, M. L. and Jeffery, K., Halon Discharges at Altitude, June 1994.

81. Nahlen, C.L., “Outside Temperature of Rotary Wing Aircraft Fires Reported Since January 1985,”
Memorandum for SFAE-AV-RAH-L, 15 December 1995.

82. Pitot Statics and the Standard Atmosphere, USAF Test Pilot School Document ADA320216, January
1996.

83. A Review of the Flammability Hazard of Jet A Fuel Vapor in Civil Transport Aircraft Fuel Tanks,
Federal Aviation Administration Report DOT/FAA/AR-98/26, 1998.

84. Barnett, H.C. and Hibbard, R.R, “Properties of Aircraft Fuels,” National Advisory Committee for
Aeronautics Technical Note 3276, 1956.

85. U.S. Standard Atmosphere, International Civil Aviation Organization, 1976.

86. Aircraft Ground Operations in Canadian Winter: Taxi Times, Wing Temperatures and Hot De-Icing,
Transport Canada Report TP 12735E, April 1996.

87. Validation of Methodology for Simulating a Cold-Soaked Wing, Transport Canada Report TP 12899E,
October 1996.

88. Phone conversation between John D’Avirro, APS Aviation, Inc., and Donald Bein, NAVAIR, 31
March 2004.

89. Bein, D., “A Review of the History of Fire Suppression on U.S. DoD Aircraft,” 2006, in Gann, R.G.,
Burgess, S.R., Whisner, K.C., and Reneke, P.A., eds., Papers from 1991-2006 Halon Options Technical
Working Conferences (HOTWC), CD-ROM, NIST Special Publication 984-4, National Institute of
Standards and Technology, Gaithersburg, MD, 2006.

90. Bennett, J.M and Bennett, M. V., Aircraft Engine/APU and Dry Bay Fire Extinguishing System Design
Model (HFC-125), Wright Patterson Air Force Base Flight Dynamics Directorate Report AFRL-VA-WP-
TR-1999-3068, May 1997.

91. Grosshandler, W., Hamins, A., McGrattan, K., and Presser, C., Transient Application, Recirculating
Pool Fire, Agent Effectiveness Screen: Final Report, NGP Project 3A/2/890, NISTIR 6733, National
Institute of Standards and Technology, Gaithersburg, MD, 2001.

92. Wright, B.R., Mowery, R.B. and LePera, M.E, “Survivability? It Could be a Matter of Hydraulic
Fluid!” American Chemical Society (ACS) Symposium Series 611, pdf file dated 2000.

93. Strasser, A., Waters, N.C., and Kuchta, J.M., Ignition of Aircraft Fluids by Hot Surfaces Under
Dynamic Conditions, Air Force Aero Propulsion Laboratory Report AFAPL-TR-71-86, 1971.



References 115

94. Clodfelter, R.G., “Hot Surface Ignition and Aircraft Safety Criteria,” SAE Technical Paper Series
901950, 1990.

95. Warner, E.P., The Prevention of Fire in Air, National Advisory Committee for Aeronautics Technical
Memorandum 144, 1922.

96. Ingerson, D., “Halon 1301 History,” Federal Aviation Administration Fire Safety Branch Website,
http://www.fire.tc.faa.gov/systems/engine/comment.stm, 1999.

97. Hillman, T.C., Hill, S.W., and Sturla, M.J., Aircraft Fire Detection and Suppression, Kidde
Aerospace and Defense Technical Paper, 2001.

98. Harper, G., Kay., M. and Feist, G., “Aircraft Dry Bay Fire Protection: A Review of Available
Options,” 2001, in Gann, R.G., Burgess, S.R., Whisner, K.C., and Reneke, P.A., eds., Papers from 1991-
2006 Halon Options Technical Working Conferences (HOTWC), CD-ROM, NIST Special Publication
984-4, National Institute of Standards and Technology, Gaithersburg, MD, 2006.

99. Hansberry, H.L., Design Recommendations for Fire Protection of Aircraft Powerplant Installations,
U S Department of Commerce, Civil Aeronautics Administration, Technical Development Note No. 31,
1943.

100. Hitchcock, E.B. and Scarlon, E.A., Use of Monochlorobromomethane by the German Navy and Air
Force as a Fire Extinguishing Agent, U.S. Naval Technical Mission in Europe, Technical Report No.
276-45, 1945.

101. Strasiak, R.R., The Development History of Bromochloromethane (CB), WADC Technical Report
53-279, Wright Air Development Center, Wright Patterson Air Force Base, OH, 1954.

102. Middlesworth, C.M., Determination of a Means to Safeguard Aircraft from Powerplant Fires In
Flight, Part VI, The North American Tornado (Air Force XB-45), U S Department of Commerce, Civil
Aeronautics Administration, Technical Development Report No. 221, 1954,

103. MIL-E-5352A, Extinguishing System, Fire, Aircraft, Installation of, 9 October 1952.

104. Tarbell, L.E., Determination of a Means to Safeguard Aircraft from Powerplant Fires In Flight, Part
V, The Lockheed Constitution (Navy XR60-1), U S Department of Commerce, Civil Aeronautics
Administration, Technical Development Report No. 198, 1953.

105. Hough, R.L., Factors Involved in Determining the Efficiency of Fire Extinguishing Agents, WADC
Technical Note 58-281, Wright Air Development Center Aeronautical Accessories Laboratory, 1959.

106. Asadourian, L.A., Fire Extinguishment Studies of the Convair-340 Powerplant, U S Department of
Commerce, Civil Aeronautics Administration, Technical Development Report No. 265, 1955.

107. Final Report on Fire Extinguishing Agents for the Period September 1, 1947 to June 30, 1950,
Purdue Research Foundation, Lafayette, IN, 1950.

108. Hansberry, H.L., Aircraft Fire Extinguishment, Part V, Preliminary Report on High-Rate-Discharge
Fire-Extinguishing Systems for Aircraft Power Plants, U S Department of Commerce, Civil Aeronautics
Administration, Technical Development Report No. 260, February 1956.

109. MIL-E-22285, Extinguishing System, Fire, Aircraft, High-Rate Discharge Type, Installation and
Test of, 11 December 1959.

110. MIL-F-81768 (UASF), General Specification for Aircraft Fire and Explosion Hazard Protection
Systems, 20 June 1983.



116 History of Fire Suppression in Aircraft

111. Hughes, C.A. and Middlesworth, C.M., Aircraft Fire Extinguishment, Part 1V, Evaluation of
Bromochloromethane Fire Extinguishing System for the XB-45 Airplane, U S Department of Commerce,
Civil Aeronautics Administration, Technical Development Report No. 240, 1954,

112. Hughes, C.A., Aircraft Fire Extinguishment Part II, The Affect of Air Flow on Extinguishing
Requirements of a Jet Power-Plant Fire Zone, U S Department of Commerce, Civil Aeronautics
Administration, Technical Development Report No. 205, 1953.

113. New, J.D. and Middlesworth, C.M., Aircraft Fire Extinguishment Part IIl, An Instrument for
Evaluating Extinguishing Systems, U S Department of Commerce, Civil Aeronautics Administration,
Technical Development Report No. 206, 1953.

114. Young, A.V., Fire Extinguishment Studies of the Northrop F-89 Powerplant, Civil Aeronautics
Administration Technical Development Report No. 365, 1958.

115. Jaggers, J.F., Development of Powder-Filled Structural Panels for AH-1S Fuel Fire Protection, U.S.
Army Aviation Research and Development Command Report No. USAAVRADCOM-TR-81-D-32,
1981.

116. General Guidelines for Measuring Fire Extinguishing Agent Concentrations in Powerplant
Compartments, Department of Transportation/Federal Aviation Administration Advisory Circular 20-100,
1977.

117. Electronic Communications (email) from Alan Randle, Pacific Scientific’HTL Kin Tech, dated 5
September 2006; from James Tucker, SURVICE Engineering Co., dated 5 September 2006; and from
Douglass Ingerson, FAA Fire Safety Branch, dated 7 June 2006 and 5 September 2006.

118. Keyser, D.R. and Hewson, J.C., “Fire Suppressant Distribution in an Engine Nacelle,” 2004, in
Gann, R.G., Burgess, S.R., Whisner, K.C., and Reneke, P.A., eds., Papers from 1991-2006 Halon Options
Technical Working Conferences (HOTWC), CD-ROM, NIST Special Publication 984-4, National
Institute of Standards and Technology, Gaithersburg, MD, 2006.

119. Flight Manual, USAF Series C-54, C-5A(SCM), and C-5B Airplanes, 1 December 1997 (Change 10,
30 March 2005).

120. Aircraft Fire Protection Handbook, MIL-HDBK-221(WP), 3 May 1965.

121. Technical Manual, Organizational Maintenance, Description and Principles of Operation, Fuel and
In-Flight Refueling Systems, Navy Model A-6E TRAM Aircraft, NAVAIR 01-85ADF-2-30.

122. Gann, R.G., Barnes, J.D., Davis, S., Harris, J.S., Harris, R.H., Herron, J.T., Levin, B.C., Mopsik,
F.I., Notarianni, K.A., Nyden, M.R., Paabo, M., and Ricker, R.E., Preliminary Screening Procedures and
Criteria for Replacements for Halons 1211 and 1301, NIST Technical Note 1278, National Institute of
Standards and Technology, Gaithersburg, MD, 1990.

123. Caggianelli, G.M., Bennett, M.J., Kolleck M.L., and Wheeler, J.A., Halon Replacement for Aviation,
Aircraft Engine Nacelle Application Phase I - Operational Parameters Study, Wright Patterson Air Force
Base Flight Dynamics Directorate Report WL-TR-95-3077, April 1997.

124. Poole, B.A. and Wheeler, J.A., Halon Replacement Program for Aviation, Dry Bay Application
Phase I - Operational Parameters Study, Wright Patterson Air Force Base Flight Dynamics Directorate
Report WL-TR-95-3039 (SURVIAC TR-95-010), September 1995.

125. Grosshandler, W.L., Gann, R.G., and Pitts, W.M., eds., Evaluation of Alternative In-Flight Fire
Suppressants for Full-Scale Testing in Simulated Aircraft Engine Nacelles and Dry Bays, NIST Special
Publication SP 861, National Institute of Standards and Technology, Gaithersburg, MD, 1994.



References 117

126. Caggianelli, G.M., Bennett, M.J., Kolleck M.L., and Wheeler, J.A., Halon Replacement Program for
Aviation, Aircraft Engine Nacelle Application Phase Il - Operational Comparison of Selected
Extinguishants, Wright Patterson Air Force Base Flight Dynamics Directorate Report WL-TR-97-3076,
May 1997.

127. Caggianelli, G.M., Bennett, M.J., Kolleck M.L., and Wheeler, J.A., Halon Replacement Program for
Aviation, Aircraft Dry Bay Application Phase Il - Operational Comparison of Selected Extinguishants,
Wright Patterson Air Force Base Flight Dynamics Directorate Report WL-TR-97-3075, December 1996.

128. Gann, R.G., ed., Fire Suppression System Performance of Alternative Agents in Aircraft Engine and
Dry Bay Laboratory Simulations, vol. 1, NIST Special Publication SP 890, National Institute of Standards
and Technology, Gaithersburg, MD, 1995.

129. Fire Protection Research Program for Supersonic Transport, Wright Patterson Air Force Base Aero
Propulsion Laboratory Report APL TDR-64-105, 1964.

130. Fire Protection System Description and Analysis Report V-22 EMD Aircraft, Bell-Boeing Report
901-100-026, 1995.

131. Bein, D., AH-1Z/UH-1Y HFC-125 Quantity Analysis, Naval Air Systems Command Internal White
Paper, 2000.

132. Chamberlin, G., Criteria for Aircraft Installation and Utilization of an Extinguishing Agent
Concentration Recorder Final Report, Federal Aviation Administration Report No. FAA-DS-70-3, March
1970.

133. Hamins, A., Cleary, T., and Yang, J., An Analysis of the Wright Patterson Full-Scale Engine Nacelle
Fire Suppression Experiments, NIST IR 6193, National Institute of Standards and Technology,
Gaithersburg, MD, 1997.

134. Kay, M. and Harper, G., “Halon Replacement Program: Test Experience with the F/A-18E/F Engine
Bay Fire Extinguishing System,” 1999, in Gann, R.G., Burgess, S.R., Whisner, K.C., and Reneke, P.A.,
eds., Papers from 1991-2006 Halon Options Technical Working Conferences (HOTWC), CD-ROM,
NIST Special Publication 984-4, National Institute of Standards and Technology, Gaithersburg, MD,
2006.

135. Budd, L., F/A-18E/F Engine Nacelle Gas Generator Fire Extinguishing Tests, NAWCWPNS TM
7859, Naval Air Warfare Center Weapons Division, Survivability Division, 1995.

136. Bein, D., “Topics that Ken MacDonald Requested to be Addressed by the Independent Review Panel
Members for the Comanche Halon Alternative Nacelle Fire Suppression System,” Naval Air System
Command White Paper to Comanche Program Executive Officer, 2003.

137. Ingerson, D., Engine Nacelle Halon Replacement, Presentation at the November 2005 International
Aircraft Systems Fire Protection Working Group, FAA Fire Safety Branch AAR-440, W] Hughes
Technical Center, 2005.

138. Reinhardt, J.W., Aerosol Can Explosion, Behavior of BTP and HFC-125 When Subjected to a
Simulated Aerosol Can Explosion, Presentation at the November 2005 International Aircraft Systems Fire
Protection Working Group, FAA Fire Safety Branch AAR-440, WJ Hughes Technical Center, 2005.

139. Murphy, J.J. and Vice, J.M., “C-130J Live Fire Test and Evaluation,” Aircraft Survivability, Summer
2000.

140. Bennett, M.V., F-22 Dry Bay Fire Suppression Testing, SURVIAC-TR-98-023, Wright Patterson
Air Force Base Air Force Research Laboratory, 1999.



118 History of Fire Suppression in Aircraft

141. Midwing Fire Protection System Test Data Report for the V-22 Tilt Rotor, Bell-Boeing Report No.
901-993-027, November 1996.

142. Gann, R., “FY2002 Annual Report, Next Generation Fire Suppression Technology Program (NGP),”
NIST Technical Note 1451, National Institute of Standards and Technology, Gaithersburg, MD, 2003.

143. Manchor, J., Aerojet Chemical Gas Generator Mid-Wing Testing (September 22-24, 2003), Internal
White Paper, Naval Air Systems Command Survivability Division, 2003.

144. Manchor, J., Aerojet Active Chemical Gas Generator (ACGG) Testing (August 4-7, 2003), Internal
White Paper, Naval Air Systems Command Survivability Division, 2003.

145. Manchor, J., Simple Passive Extinguisher (SPEX) Fire Protection Test Report, Naval Air Warfare
Center Weapons Division Test Report NAWCWPNS TM 851, January 2006.

146. Crosthwaite, K.R., “Unmanned Aerial Vehicle (UAV) Survivability Enhancement Workshop,”
Aircraft Survivability, Fall 2005.

147. Leach, W., “Making Proven Halon Alternatives Even Better for Fixed-Wing Aircraft,” 2006, in
Gann, R.G., Burgess, S.R., Whisner, K.C., and Reneke, P.A., eds., Papers from 1991-2006 Halon Options
Technical Working Conferences (HOTWC), CD-ROM, NIST Special Publication 984-4, National
Institute of Standards and Technology, Gaithersburg, MD, 2006.

148. Robin, M.L., “The F-Gas Regulation and its Implications in Fire Suppression Applications,” 2006, in
Gann, R.G., Burgess, S.R., Whisner, K.C., and Reneke, P.A., eds., Papers from 1991-2006 Halon Options
Technical Working Conferences (HOTWC), CD-ROM, NIST Special Publication 984-4, National
Institute of Standards and Technology, Gaithersburg, MD, 2006.

149. Snyder, C.E., and Krawetz, A.A., Determination of the Flammability Characteristics of Aerospace
Hydraulic Fluids, Air Force Materials Laboratory, 1980.

150. Benjamin, R., “Flammability Characteristics of MIL-H-5606 and MIL-H-83282 - A Literature
Survey and Critical Review: Implications of Incidences and Hydraulic Fires in Combat and Noncombat
Aircraft Operations,” Joint Technical Coordinating Groups for Munitions Effectiveness and Aircraft
Survivability Report 61 JTCG/ME-9-8 (JLF-TR-88-1), 1988.



Chapter 3: FLAME SUPPRESSION Gregory T. Linteris, Ph.D.
CHEMISTRY National Institute of Standards and

Technoloqy

TABLE OF CONTENTS

3.1 INEEOAUCTION ...ttt et e b e ettt et e s bt e et e bt e eaee e 120
3.2 Halogen-containing COMPOUNAS .........cccuieriieriieriieniieiie st eieeeteesieeeteeieeereeneeesseenaeaees 121
3.2.1 Previous Understanding of the Inhibition Mechanism of CF;Br (as of 1995)......121
3.2.2 Suppression of Nonpremixed Flames by Fluorinated Ethanes and Propanes....... 124
3.3 Metal-containing COmMPOUNAS........ceeeeiuiieeiiieeiiieeieeeeieeeeeeeeaeeesreeesaeeesaeeeesseeessseeenanes 142
3.3.1 Back@round .........cc.ooiiiiiiiiiiieiiee et 142
3.3.2 Metals with Demonstrated Flame Inhibition Potential..............c.ccooeiiininnnn 155
3.3.3 Flame Inhibition by Iron-containing Compounds............ccccueeveerieeneenieeneennenne. 156
3.3.4 Flame Inhibition by Tin and Manganese.............cccveerreeerieeeiieeerieeereeeveeeeeeen 178
3.3.5 Complexation/Matrix Absorption of Super-effective Agents............ccccveevuvennnnne. 199
3.3.6 Potential for Loss of Effectiveness of Other Metals .........cccccoooiiiiiiiiiniiniine. 224
3.3.7 Flame Inhibition and Loss-of-effectiveness Summary ............cceeceevvienieniiennnens 232
3.3.8 CONCIUSIONS ...ttt ettt ettt et et esat e et e b e snteesaee e 235
3.4 PROSPROTUS ...ttt ettt et e st e et e s e e e b e e s saesnbeesaaeenbeennbeenseenaseenne 236
34,1 INtOAUCTION «..oniiiiiiiiie ettt ettt ettt e sbee s e i ens 236
3.4.2 Inhibition of Non-premixed Flames by Phosphorus-containing Compounds.......238
3.4.3 Effects of Dimethyl Methylphosphonate on Premixed Methane Flames.............. 267
3.4.4 Summary: Phosphorus-containing Compounds in Flames .............ccccccueenrennenne. 281
3.5 Comparative Flame Inhibition Mechanisms of Candidate Moieties ............ccccveeveurennnee. 282
351 INIOAUCHION ..ttt ettt sttt et sbe e 282
3.5.2 Spectroscopic Studies of Inhibited Opposed Flow Propane/Air Flames .............. 282
3.5.3 CF;Br and Other Suppressants: Differences in Effects on Flame Structure.......... 291
3.5.4 Influence of Bond Energies on Catalytic Flame Inhibition...........c..ccccceeeveennnnn. 299
3.5.5 Temperature Regions of Optimal Chemical Inhibition of Premixed Flames........ 307



120 Flame Suppression Chemistry

3.6 Insights on Flame INhibition ..........ccocuieiiiiiiiiiiiiiiieie et 316
R I ) (5] 1<) 1 Lol SR 318
3.1 INTRODUCTION

This chapter describes NGP research agents which work primarily through chemical means. As a prelude
to this, it is useful to delineate the different terminology often used to describe the extinguishing of a
flame. Flame inhibition usually refers to a weakening of a flame, i.e.,, a lowering of the overall
exothermic reaction rate in the flame. This weakening may or may not lead to extinguishment, depending
upon the flow field in which the flame exists. In contrast, the terms fire suppression, flame
extinguishment, or flame extinction are often used to refer to the case in which the flame has been
weakened to the point where it can no longer stabilize in the relevant flow field. Flame quenching refers
to flame extinguishment for which heat losses to a surface was a precipitating factor.

The first three sections of the chapter group the research according to the active moiety in the chemical
agent: halogens, metals, or phosphorus.

e The section on halogens starts with a description of what was known about the flame inhibiting
action of CF;Br prior to NGP research, and follows with research describing some alternative
agents based on fluorine.

e The section on metals also first gives some background, and then provides extensive data on
flame inhibition by iron-containing compounds - primarily because these agents have been shown
to be the strongest flame inhibitors ever found. Detailed results for the effect of iron (and other
agents) on flame radicals are also presented, followed by results for tin and manganese. Since
most of the metals in these previous studies were added as toxic organometallic agents, the next
section describes work to investigate metal moieties in various forms which are non-toxic. Since
it was discovered fairly early in NGP research that metal compounds lose their effectiveness due
to the formation of particles, additional research was aimed at finding other metals which were
effective but did not suffer that same consequence. The remaining parts of that section describe
the potential of other metals to be effective yet not to lose their effectiveness.

o The third section describes extensive research to characterize the potential and effectiveness of
phosphorus-containing compounds. It starts with a description of a new experimental approach in
counterflow diffusion flames which is helpful with aspirated samples of trimethyl phosphate
(TMP) and dimethyl methylphosphonate (DMMP).  Following that is a description of how
varying the agent transport rates into the flame (through changes to the stoichiometric mixture
fraction and the location of agent addition) changes the effectiveness of DMMP. In this section, a
temperature dependence of the effectiveness is also described, which is further explored in the
following section which describes spectroscopic measurements of OH and numerical modeling of
counterflow diffusion flames of methane and air with DMMP added. The numerical model is
further validated in the final subsection, where experiments and calculations are performed for
premixed flat flames of methane and air with added DMMP.

The final section of the present chapter discusses studies aimed at finding unified principles to describe
the fire suppression effectiveness of alternative chemical moieties:
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o Comparison of spectroscopically measured reductions in the concentration of the chain-carrying
radical OH and in peak temperature in opposed flow, atmospheric pressure, propane/air flames
brought to near-extinction conditions through addition of several agents (CF;Br, N,, Fe(CO)s,
C3F7H, C3F6H2, DMMP, and PN (CyClO—P3N3F6).

e Description of additional spectroscopic tests to delineate the reduction in [OH] with addition of
Fe(CO)s (and, for comparison, CF;Br) to low-pressure methane-air flames.

e Discussion of the merits of using CF;Br as a benchmark for comparison of other fire
suppressants.

e A discourse on the use of inhibitor molecule bond energies as a criterion by which the flame
inhibition efficiency can be predicted and understood.

e [Examination of the regions of a premixed flame which are most susceptible to chemical
inhibition.

The NGP research described here has moved the science of flame inhibition and suppression chemistry
forward in very large measure. Entirely new, detailed, comprehensive chemical kinetic mechanisms were
developed specifically for the NGP, and the use of these kinetic mechanisms in detailed numerical
simulations for the present investigations has led to great insight into the action of chemically acting
agents in fire suppression. New experimental techniques were developed, as well as new methods of
using existing approaches. In fact, much of the present work has been cited in fields external to fire
research due to their utility beyond the present needs. The work presented below will provide an
outstanding basis for those future researchers who will continue the search for new fire-fighting materials.
The new unified insights on fire suppression developed through NGP research are summarized at the end
of this chapter.

3.2 HALOGEN-CONTAINING COMPOUNDS

3.21 Previous Understanding of the Inhibition Mechanism of CF;Br (as of 1995)

In previous studies, CF;Br (and related compounds) have been the subject of much fundamental research,
for example in flow reactors,'” premixed flames,>"' co-flow diffusion flames,'>'* and counterflow
diffusion flames.”">® Much recent research has been aimed at finding both short- and long-term”
replacements for CFsBr. As a result, CF;Br itself has been the continuing subject of many studies®**’
since an improved understanding of its mechanism of inhibition will help in the search for alternatives,
and nearly all assessments of new agents use CF;Br as a baseline for comparison of the new agents.

21,22

As outlined above, the flame configurations used to study flame inhibition mechanisms have tended to be
premixed and counterflow diffusion flames. Premixed flames have been selected mainly because the
overall reaction rate, heat release, and heat and mass transport in these flames can be described with a
single fundamental parameter - the laminar burning velocity, and because over certain regions, the flow
field can be considered one-dimensional (greatly simplifying data collection and numerical simulation).
Similarly, counterflow diffusion flames can be considered one-dimensional along the centerline, and the
extinction strain rate has been commonly used as the characteristic suppression parameter. In principle,
such fundamental parameters can ultimately be used to relate the behavior of the agent in the laboratory
flame to its behavior in suppressing a large-scale fire*, although this scaling is difficult in practice.
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Premixed Systems

Early studies of the inhibitory effects of halogenated hydrocarbons on flames were conducted in premixed
systems. Numerous research groups'>*>' determined the influence of halogenated methanes on the
flammability limits of hydrocarbon-air mixtures. The magnitude of the inhibitory effect and its
dependence on halogen type and stoichiometry generally indicated a chemical rather than thermal
mechanism. Simmons and Wolfhard'® studied the flammability limits of methane-air mixtures with
bromine and methyl bromide inhibitors and showed that methyl bromide influenced the limits of
flammability in the same manner as equivalent amounts of bromine and methane, indicating that the
decomposition products of the halogenated methanes were responsible for the action. Garner et al.,”
Rosser et al.,” Lask and Wagner™* and Edmondson and Heap®® measured the reduction in burning velocity
of various burner — stabilized hydrocarbon-air flames with addition of several halogenated methanes,
halogen acids and halogen dimers. In later work, Niioka et al.*® experimentally investigated the effect of
CF;Br on the extinction velocity of opposed premixed C,H,4 flames. The inhibitory effect was found to be
more effective in rich flames than in lean flames. Mitani’’ used experimental results on the decrease of
flame propagation speeds of premixed H,-O,-N, and C,H4-O,-N, flames with CF;Br addition to derive
overall activation energies for the inhibition reactions, which correlated well with measured energies for
key inhibition steps. All studies were in consensus that the magnitude of the inhibition was related to the
number and type of halogen atoms present in the reactants, the concentration of the inhibitor, and the
equivalence ratio, ¢, and that the effect was generally too large to be accounted for by thermal dilution
effects. This conclusion was based on supporting calculations or measurements showing that the final
temperatures in the inhibited flames were not low enough to account for the burning velocity reductions
observed.

Detailed information on the inhibition mechanism of brominated species has been provided by flame
structure measurements. Mass spectrometric measurements of stable species concentrations in premixed
flames of methane and air were conducted by several investigators: Levy et al.*® used HBr to inhibit a
Bunsen flame and found that HBr inhibited methane consumption but not CO oxidation; Wilson* and
Wilson et al.* performed low-pressure inhibited premixed flame studies with methyl bromide, HCI, HBr,
Cl,, and concluded that both CH;Br and HBr act to reduce radical concentrations in the preheat region of
the flame by competing with the chain branching reaction H + O, = OH + O, and that CH;Br lowers the
peak OH concentration to near equilibrium values, while uninhibited flames have the characteristic
super-equilibrium OH concentrations. Biordi et al.>* used a molecular-beam mass spectrometer to obtain
stable and radical species concentrations as a function of position in low-pressure premixed flat flames of
methane and air with and without addition of CF;Br, and Safieh et al.” performed similar experiments
with a low-pressure CO-H,-O,-Ar flame. The data and analyses of these researchers provided detailed
kinetic information on the mechanisms of Br and CF; inhibition under low-pressure premixed,
burner-stabilized conditions. Day et al.*' and Dixon-Lewis and Simpson** studied the burning velocities
and the rich flammability limits of H,-O,-N, and H,-O,-N,O flames. Their experiments and numerical
modeling showed that the thermodynamic equilibrium relationship for the reaction H + HBr = H, + Br
together with recombination steps involving bromine atoms are primarily responsible for the inhibition
effect of HBr compared to HCl and HF, rather than competition of the H atom-hydrogen halide reaction
with the branching reaction H + O, = OH + O. Westbrook™* developed a detailed chemical kinetic
mechanism for HBr, CH;Br, and CF;Br inhibition and performed numerical calculations of flame
structure, testing the mechanism using experimental burning velocity reductions and, to some extent,
using measured species concentration profiles.
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Diffusion Flames

Early investigations of the effects of chemical inhibitors on diffusion flames used the co-flow
configuration. Creitz** determined the blow-off limits with CH;Br and CF;Br added to either the fuel or
oxidizer stream for various oxygen volume fractions, and found that oxygen volume fractions
approaching 0.30 required over 20 % CF;Br in the oxidizer for flame detachment. Simmons and
Wolfhard'? found the blow-off limits for CH;Br addition to the fuel and air streams for alkane and
hydrogen flames, and showed that blow-off required different amounts of inhibitor for different burner
geometries. Their measurements, as well as more recent ones with CF;Br,** have shown that lower gas
velocities require greater amounts of inhibitor. Simmons and Wolfhard'? also performed accompanying
spectroscopic measurements in a slot-burner with CH;Br added to the air stream and found enhanced C,
formation as well as a secondary reaction zone (observed via Bro emission) on the air side with either
CH;Br or ethane and bromine added to the air stream.

The above jet diffusion flame studies have all shown that a higher volume fraction of the brominated
agent was required when it was added to the fuel stream rather than the air stream. Friedman and Levy'
were the first to use the extinction of counterflow diffusion flames to assess the inhibitory effect of CF;Br
and CH;Br added to the methane stream. Milne et al.'® added CF;Br to either the fuel or air stream of
several hydrocarbon-air flames, again showing that addition to the air stream extinguished the flames at
lower volume fraction than addition to the fuel stream. Ibiricu and Gaydon'’ made spectroscopic
measurements with addition of CH;Br and other inhibitors to flames of various fuels. They found OH
emission to be decreased, while C, and HCO emission were increased. Niioka et al.’ correlated the
extinction conditions of counterflow diffusion flames of ethylene inhibited by CF;Br in the air or fuel
stream with the estimated mass flux of inhibitor to the reaction zone.

The first measurements of inhibited counterflow flames with liquid fuels were made by Kent and
Williams'™*® for CF;Br in the oxidizer stream against a heptane pool. These were followed by extensive
measurements for the same agent with numerous condensed-phase fuels by Seshadri and Williams.*
Among other results and analyses, these investigations characterized the extinction flow velocity as a
function of the oxygen mass fraction in the oxidizer stream, found the extinction flow with added
inhibitor, and measured stable species mass fractions with gas chromatography. The amount of inhibitor
required for flame extinction was found to increase with decreasing air flow velocity (i.e. strain) and the
results were highly fuel dependent. In later work, Seshadri and co-workers * determined the extinction
strain rate for a large number of fluorinated agents in a similar counterflow heptane-air pool burner.

Some of the above diffusion flame studies also show increased soot production with addition of
halogenated inhibitors. The laser-induced incandescence and fluorescence measurements of Smyth and
Everest’' have quantified both the increased soot and decreased peak OH in such flames, although the
mechanism of higher soot formation for CF;Br was not resolved.

Mechanism of Inhibition

The basic mechanism of halogen flame inhibition was suggested by Rosser et al.** and further justified
and refined by Butlin and Simmons,’' Dixon-Lewis and co-workers,*'** Westbrook,*'*** and Babushok
and co-workers.”* The reaction mechanism is:

Hoa+X > HX +«a
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B +HX—> HB+X

in which X is a halogen, « is a hydrocarbon, and [ is a reactive radical such as H, O, or OH. The
hydrogen atom is typically affected most by the catalytic radical recombination cycles above, and its
decrease leads to a lowering of the chain-branching reaction H + O, — OH + O and the CO consumption
reaction CO + OH — CO, + H. It was demonstrated fairly early*' that for Br and Cl, the equilibrium
condition of the first reaction was key, as was the necessity of the regeneration steps (in the form of the
second reaction or some alternatives).

As described above, there has been fairly extensive past research on CF;Br itself, as well as some simple
small hydrofluorocarbon (HFC) short-term replacements. These include phenomenological tests with cup
burners as well as fundamental studies. Nonetheless, tests with larger HFCs appear less frequently in the
literature, with very little fundamental data from diffusion flames. The following work remedies that
deficiency.

3.22 Suppression of Nonpremixed Flames by Fluorinated Ethanes and Propanes

Introduction

The need for environmentally acceptable substitutes for bromine-containing halons (halogenated
hydrocarbons) has led to a number of studies on alternative fire suppression agents encompassing a
variety of experimental geometries and scales,”'”* as well as to the development of chemical kinetic
models for these agents.”*® Models are instrumental in guiding the search for effective halon
replacements in that they facilitate the identification of mechanisms key to suppression. Such models
must be validated using experimental data. Data sets that can directly be compared to numerical results
are therefore particularly valuable. For models of suppression in particular, the usefulness of
experimental and numerical studies depends on how well they capture the characteristics of real fire
scenarios. Most experimental studies on hydrofluorocarbons (HFCs), used as near-term halon
replacements, have focused on inhibited premixed flames, usually with methane fuel, measuring
parameters such as flame speed’™® or profiles of intermediate species.’*®" However, most fire-fighting
scenarios involve higher hydrocarbon fuels, non-premixed flames, and aim to achieve extinction rather
than inhibition. In order to extend laboratory results to more realistic situations, a broad range of data sets
is needed to provide adequate model validation for suppression by both HFCs and other classes of
alternative agents now being identified.

Research by Williams and co-workers®> focused on the suppression effectiveness of HFCs in
extinguishing non-premixed flames. Although less effective fire suppressants than brominated halons,
these agents are currently used as near-term replacements. They possess many of the same favorable
physical properties as brominated halons, but do not destroy the stratospheric ozone layer.”'° Previously,
the Naval Research Laboratory (NRL) investigated non-premixed counterflow methane/air and
propane/air flames suppressed by CF,, CHFs;, and CF;Br.” The NGP extended the methane/air and
propane/air extinction studies to include all fluorinated ethanes containing at least four fluorine atoms,
and ten fluorinated propanes containing at least five fluorine atoms. The fluorinated ethane and
fluorinated propane data sets were generated to provide additional input to validate chemical kinetic
models such as those developed recently for HFCs.”** *° Also tested were sulfur hexafluoride (SFs,
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largely inert'), nitrogen, three bromine-containing halons, and one iodine-containing halon.
compounds investigated are listed in Table 3-1.

Table 3-1. Agents Tested.

All

Cp300 K H1600 K_H300 K

Agent Chemical Formula (J/mol.K)* (kJ/mol)” Flames®
HFC-134 CHF,CHF, 90.9 183051 M,P.H
HFC-134a CF;CH,F 87.2 186" M,P,H
HFC-125 CF;CHF, 95.9 19551 M,P,.H
FC-116 CF5CF; 107.7 206" M,P,.H
HFC-245ca CHF,CF,CH,F 123.7 244° M,P
HFC-245¢cb CF;CF,CH, 123.0 242° M,P
HFC-245¢b CF;CHFCH,F 123.0° 242° M
HFC-245fa CF;CH,CHF, 122,05 2415 M
HFC-236¢b CF;CF,CH,F 130.0° 256° M,P.H
HFC-236ea CF;CHFCHF, 129.8 256° M,P,H,A
HFC-236fa CF;CH,CF, 128.1 253° M,P,H,A
HFC-227ca CF;CF,CHF, 140.0° 276° M,P.H
HFC-227ea CF;CHFCF; 139.8 27508 M,P,H,A
FC-218 CF;CF,CF; 150.6 289° M,P.H
Halon 1301 CF3Br 70.5 1258 P.HA
Halon 13001 CF;l 61.35¢ 1265 P.H
Halon 1211 CF,CIBr 74.6° 133059 P.H
Halon 1201 CHF,Br 58.7 1205 P.H
Sulfur Hexafluoride SF 97.486 18586 M,P.H
Tetrafluoromethane CF, 61.2 12213 H,A
Nitrogen N, 29.15¢ 4203¢] M,P,H,A

* Specific heat at 300 K. The numerical superscripts in square brackets indicate reference numbers. If no superscript is present,

the value is from Reference 64.
Sensible enthalpy required to raise the agent’s temperature from 300 K to 1600 K. The sources for the data used to derive the

b

sensible enthalpy values are indicated by the numerical superscripts in square brackets.

¢ Estimated.

(=%

methanol cup burner.

From Reference 65, evaluated at 298 K.
Flames in which given agent was tested: M, methane counterflow; P, propane counterflow; H, n-heptane cup burner; A,

An experimental geometry that captures many characteristics of pool fire threats is that of the cup burner,
which is described more fully in Chapter 6. Bench-scale co-flow burners operated with a liquid fuel, cup

burners are widely used for estimating agent concentrations required to combat fires.

Hamins et al. *°

compared a number of HFC agents in cup burner tests using five different fuels: n-heptane, two types of
jet fuel, and two types of hydraulic fluid. For nearly all agents tested, the concentrations required to
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extinguish the n-heptane flame exceeded those required for the other fuels by less than 10 %. Thus,
n-heptane cup burner studies provide extinction data applicable to many hydrocarbon flames.

For validation of kinetic models, treating detailed chemical mechanisms in the two-dimensional model
required to describe cup burner flames is computationally difficult. An alternative to cup burners for
suppression mechanism studies is provided by non-premixed counterflow flames. This configuration is
computationally tractable since it can be modeled quasi-one-dimensionally, along the axis of symmetry of
the flame, by invoking a similarity transform.”” Experimentally, it is also advantageous in that it allows
control of the strain rate imposed on the flame. In this paper, the strain rate in a counterflow burner is
defined as the maximum axial gradient in axial velocity on the oxidizer side of the flame zone. The strain
rate is easily adjusted by changing the gas flows. The effects of suppression agents can then be quantified
over a range of flame conditions by measuring the extinction strain rate as a function of agent
concentration. Hamins et al.”® and Saso et al.®® found that HFC extinction concentrations for low strain
rate n-heptane counterflow flames were similar to those obtained in n-heptane cup burners. Since the cup
burner configuration is relevant to many fire scenarios, the results of Hamins et a/l. and Saso ef al. suggest
that agent extinction concentrations in low strain rate non-premixed counterflow flames are pertinent to
these same scenarios.

The choice of a model fuel compound for suppression studies involves a trade-off between representative
extinction properties and computational tractability. Gaseous fuels including methane, ethane, and
propane are attractive to use from both experimental and modeling standpoints, but their relevance to fires
involving long chain hydrocarbons needs to be determined. Furthermore, no model fuel is representative
of all fire threats. Indeed, alcohol fires, methanol fires in particular, are very difficult to extinguish, even
with CF3Br.* The extinction behavior of methane/air counterflow, propane/air counterflow, n-heptane
cup burner and methanol cup burner flames are compared in this study to identify systematic trends in the
suppression effectiveness of selected agents as a function of the fuel used. In addition to providing
experimental data for HFC model validation, another objective of the current investigation is to assess
whether methane or propane counterflow burner extinction studies are appropriate models for HFC
suppression of liquid hydrocarbon fires.

Tanoff et al. ™ recently computed the extinction strain rate of methane/air counterflow flames suppressed
by several C; and C, HFCs. One of their major conclusions was that most HFCs investigated, with the
exception of CHF;, would be better suppressants in methane flames if they were chemically inert. Also,
agents predicted to form CF,O in the counterflow flame, principally from CF; radicals, were found to be
better suppressants than those that do not. The chemical contribution to suppression of the CF; group was
reported by Sheinson et al.,” who attributed 25 % of CF;Br’s suppression ability to this moiety. The
present study further investigates the impact of CF; groups in an agent on suppression by comparing the
performance of four sets of HFC isomers.

In counterflow burners, flows at extinction are apparatus dependent. Comparisons between results
obtained from different experimental and numerical counterflow flame studies must therefore be made
through extinction strain rates. While flows are easily determined, velocity profile measurements are
required to determine local extinction strain rates. Here, a burner-specific relationship between local
strain rate and flow conditions was obtained. All strain rates quoted herein are therefore traceable to an
experimental determination of the local velocity field.
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Experiment

The counterflow burner and experimental methodology have been described previously.”* The burner
consisted of two vertically-mounted open straight tubes, approximately 50 cm long, having an inner
diameter of 1 cm. The tube exits were spaced 10.0 mm + 0.5 mm apart. The gap size was determined by
translating the burner assembly with respect to a laser beam perpendicular to the tube axis, and measuring
the height at which the beam was blocked by the tubes. The top tube was equipped with a cooling jacket
to prevent the hot combustion products from preheating the upper reactant stream. The tubes were
housed in a Plexiglas chamber, which was continuously purged with nitrogen to dilute combustion
products and unburned reactants before they entered the exhaust.

For experiments with methane, the fuel was introduced through the top tube while air/agent mixtures were
introduced through the bottom. For experiments with propane, air/agent mixtures were delivered from the
top, fuel from the bottom. These configurations were used because they produced the most stable flames
at low strain rates. For propane, inverting the reactant streams did not significantly affect the extinction
strain rate of the uninhibited flame. Flows of all gases were regulated by mass flow controllers (Sierra
Instruments), which were calibrated using a piston flowmeter (DC-2, Bios International). All flow
conditions were laminar, with tube Reynolds numbers never exceeding 2100.

During extinction measurements, the flows of fuel and air were set to obtain a flame midway between the
tubes. The agent flow was then slowly increased at intervals of 30 s to 45 s, with periodic adjustments of
the fuel and air flows to maintain the flame’s position, until the flame extinguished. The flame’s position
was determined by monitoring its image on a video screen. The stagnation plane was always slightly
toward the fuel tube from the flame zone. In experiments with methane, the flame typically extinguished
completely. For propane, local extinction typically occurred along the centerline, leaving a ring-shaped
flame with a hole along the burner axis, similar to that described by Potter and Butler.”' In all tests, the
agent was added to the air stream. This mode of application most closely resembled actual situations, in
which an agent is introduced into the air around the fire, with the fuel burning in a non-premixed flame.

The cup burner apparatus and methodology have been described in detail elsewhere.”> The design was
virtually identical to that of Hamins et al.”® The piston flow meter was used to measure the agent and air
flows after each extinction measurement. The total flow of air + agent was 20 L/min + 1 L/min for all
extinction measurements, giving a flow velocity, averaged over the 105 mm inner diameter chimney, of
4.1 cm/s £ 0.2 cm/s past the 28 mm outer diameter cup. Experiments were conducted on both n-heptane
and methanol flames. The fuel level was kept within 0.5 mm of the top of the cup without overflowing,
as low liquid levels led to attachment of the flame to the heated rim of the Pyrex cup, resulting in
anomalously high extinction values.

The agents listed in Table 3-1 were obtained from the following suppliers: HFC-245¢eb and halon 13001,
Flura; HFC-245fa, AlliedSignal; HFC-236ea and HFC-236fa, Dupont; HFC-227ea and halon 1201, Great
Lakes; FC-218, Scott Specialty Gases; halon 1301 and CF,, Matheson. The nitrogen was obtained from
the Naval Research Laboratory’s in-house supply. The remaining agents were from PCR. The stated
purity of the agents was at least 97 %. All agents were used as supplied, with the exception of HFC-
245ca, HFC-245eb and HFC-245fa. These pentafluoropropanes have boiling points close to room
temperature: 25 °C, 23 °C, and 15 °C, respectively. They were therefore premixed with air in a 1:3 ratio
before being tested. The pressure increase ensured that stable flows of these agents were delivered to the
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burners. Extinction data was also collected with HFC-245fa unmixed with air. These data were
consistent with those obtained using the agent/air mixture.

All of the agents in Table 3-1 were tested in the propane counterflow flame with the exception of HFC-
245eb, HFC-245fa, and CF,4. All of the agents were tested in the methane counterflow flame with the
exception of halon 1301, halon 13001, halon 1211, halon 1201, and CF4. All of the agents with the
exception of the pentafluoropropanes were tested with n-heptane in the cup burner. HFC-236ea,
HFC-236fa, HFC-227ea, halon 1301, CF,, and nitrogen were tested with methanol in the cup burner.

Extinction Strain Rate Determination

Many researchers performing studies in counterflow burners have characterized extinction conditions in
terms of global or imposed parameters, such as flow rates and gap size,”* or global strain rates calculated
from these parameters.’®” These global parameters representing the imposed flow conditions can be
compared to the same parameters obtained from numerical calculations of extinction conditions.”
Because the local flow field near the flame determines extinction, the comparison of global parameters is
valid only as long as the relationship between the local strain rate and the global conditions are the same
for the experiment and the calculations. Recent measurements®””> have cast doubts on the adequacy of
representing counterflow experimental boundary conditions by either plug or potential flow in numerical
calculations. Comparisons of measured and numerical local strain rates in the vicinity of the flame should
show less sensitivity to boundary conditions than comparisons of measured and numerical global strain
rates.

The most direct approach in determining strain rate is to measure the local velocity fields. As velocities
cannot be measured at extinction, determination of local extinction strain rate involves a series of velocity
measurements in increasingly strained flames, and extrapolation to extinction.”” This sequence of
measurements must be repeated for each fuel/oxidizer/additive system and each additive loading,
requiring large numbers of velocity profile measurements.

In the present study, air stream local strain rates were determined by measuring the centerline axial
velocity as a function of axial position by an LDV system (QSP Digital). The oxidizer stream was seeded
with 0.3 um alumina particles (Buehler). The velocity profile on the oxidizer side of the flame was fit to
a 6™ order polynomial, and the relevant local strain rate was taken to be the maximum value of the
derivative of this function. Velocity profiles were measured for propane/air, methane/air, methane/(air +
HFC-227¢a), and propane/(air + SF¢) flames.

Based on these measurements, an empirical, burner-specific relationship to convert global parameters into
local strain rates was determined. Figure 3-1 shows the data used in obtaining this correlation. Measured
local strain rate is plotted versus the plug flow global strain rate parameter derived by Seshadri and
Williams’®, and restated by Chelliah et al. ¢ in Equation 3-1.
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where L is the gap size (1 cm), and p;, and V¢, are the densities and velocities of the fuel and oxidizer
streams, respectively. V is as the average velocity across the tube exit. Measured local strain rates for all
flame conditions, including those with suppressants present, were proportional to Kyjgpa, piue from Equation
3-1,

Klocal = (1 ST+ 002) Kglobal,plug D (3_2)

where the velocities used in the global expression are averages based on measured volumetric flows. The
local extinction strain rates discussed in the present study were obtained using Equations 3-1 and 3-2.

Seshadri and Williams' plug flow global strain rate expression is for the axial gradient in axial velocity at
the stagnation plane calculated for inviscid non-reacting flow, with plug flow boundary conditions
imposed at the burner exits. The current apparatus, with straight burner tubes, has velocity boundary
conditions significantly different from plug flow. Measurements near the tube exits indicated a nearly
parabolic profile for an individual tube in isolation, with some flattening of the profile when the opposing
flow from the second tube was introduced. The centerline velocity of a parabolic profile in tube flow was
twice the average velocity determined from the volumetric flow and the cross-sectional area. At a given
flow, the tube exit centerline velocities in the current apparatus were therefore expected to be between
once and twice the plug flow values. Hence, the coefficient relating Kjoca and Kgiopar,piug Was predicted to
lie between 1 and 2. The factor of 1.57 obtained was consistent with this prediction. Pellett et al. /" also
determined that local and global strain rates were linearly related in their opposed-tube burners: local
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strain rates were found to be 3 times larger than their global counterparts. Pellett et al. used burners with
a ratio of gap size to tube diameter equal to 2. For the burner considered here, this ratio was equal to 1.

Non-Premixed Counterflow Flame Experiments

Figure 3-2 and Figure 3-3 show how local extinction strain rate varied with agent molar concentration for
methane and propane non-premixed counterflow flames, respectively. Figure 3-2a and Figure 3-3a show
the suppression effects of the fluorinated ethanes, SFs and N,. The N, extinction concentrations have
been divided by two for presentation in the figures. Figure 3-2b and Figure 3-3b show results for the
fluorinated propanes. Figure 3-3c shows the effects of halon 1301, halon 13001, halon 1211 and halon
1201 on the extinction strain rate of a propane flame. The error bars shown in Figure 3-2a and Figure
3-3a for the HFC-134 data are at the 99.7 % (30) confidence level. Horizontal error bars represent
uncertainties in air and agent flows. Vertical error bars represent uncertainties in air, agent and fuel
flows, gap size, room temperature and pressure, and the constant of proportionality between local and
global strain rates (Equation 3-2). At comparable concentrations or extinction strain rates, uncertainties in
the data for the other agents are similar to those shown for HFC-134. The N, extinction concentration
uncertainties are similar to those for HFC-134 at comparable loadings. They increase to = 1.7 mole % at
the highest concentrations.
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Figure 3-2. Extinction Strain Rate vs. Agent Molar Concentration for Non-premixed
Methane-air Flames Suppressed by: a) Fluorinated Ethanes, SFs, and N,; and
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Extinction of Uninhibited Methane and Propane Flames

The average uninhibited non-premixed counterflow methane/air and propane/air flame local extinction

strain rates were compared to values found in the literature. Pellett et a

1.7 used two different opposed-

nozzle burners to obtain extinction strain rates of 384 s and 396 s™ for methane/air flames. Furthermore,
Chelliah et al.*” measured the local extinction strain rate of their non-premixed counterflow methane/air
flame to be 380 s”. Yang and Kennedy’® measured theirs to be 340 s'. Both of these values were
obtained for flames having strain rates below that required for extinction. They correspond to lower
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bounds for the values that would be calculated from an extrapolation to extinction, and are consistent with
the results of the present study. Yang and Kennedy indicated that the strain rate they report is
approximately 10 % lower than that which would be obtained through extrapolation; and that the
uncertainty in their critical strain rate is approximately +10 % and -5 %.

Global extinction strain rates for uninhibited counterflow non-premixed methane/air and propane/air
flames have also been reported. MacDonald et al.” reported a global extinction strain rate of 296 s for
methane. The corresponding global value obtained in the present study was 273 s'. Since the
experimental geometries in both studies are similar, the values are expected to be comparable.
MacDonald et al. indicate that variations of up to 80 s were observed in their uninhibited global
extinction strain rates, due to variations in their air’s oxygen content. The global methane extinction
number collected in the present study is thus consistent with theirs. Puri and Seshadri® report global
extinction values, but for a different experimental geometry. The results cannot be directly compared.

Agent Suppression Effectiveness

Figure 3-2 and Figure 3-3 show that, in general, the extinction strain rate of both methane and propane
flames decreased as agent loading increases. Thus, the agents inhibited the flames. For HFC-245ca,
however, the extinction strain rates at concentrations below 2 % are higher than those for the uninhibited
flames. At these loadings, this agent increased flame strength. Nevertheless, above 2 %, extinction
occurred at strain rates below the uninhibited values, and extinction strain rates decreased with increases
in concentration: in larger quantities, HFC-245ca acted like a suppressant. The extinction data presented
in Figure 3-2 and Figure 3-3 are limited to strain rates above 70 s™. Below this value, considerable scatter
was observed and, for several agents, extinction concentrations began to decrease with diminishing strain
rate. At low strain rates, the flames became more susceptible to both conductive and radiative heat losses
to the burner, and to fluctuations in the flow currents present in the surrounding chamber gases.

A secondary flame zone about 1 mm on the air side of the principal non-premixed flame was observed in
tests with HFC-245ca, particularly at high loadings. Hamins et al.”* also found separate agent and fuel
consumption zones in their numerical investigation of the structure of halon 1301 inhibited n-heptane/air
non-premixed counterflow flames. In the current study, the secondary flame zone appeared to be caused
by the agent burning in the air in a premixed fashion. Yang et al.*' predicted this phenomenon for CH;Cl
addition to the oxidizer stream of a methane/air counterflow flame. Although HFC-245ca is non-
flammable at ambient temperature and pressure, heat release from the non-premixed flame was apparently
sufficient to support its premixed combustion. Grosshandler et al.** investigated the flammability of
HFC-245ca, and concluded that a stoichiometric mixture of HFC-245ca and air could sustain combustion
if preheated 100 K above ambient temperature. A secondary flame zone was also observed in tests with a
more effective suppressant, HFC-245cb, but was less pronounced than in the HFC-245ca case.

The relative suppression effectiveness of the fluorinated propanes can be assessed from Figure 3-2b and
Figure 3-3b. The most effective fluorinated propanes were FC-218, HFC-227ea, and HFC-236fa, all of
which contain two CF; groups. HFC-227ca, HFC-236ea, HFC-236¢cb, and HFC-245c¢cb, along with
HFC-245fa and HFC-245eb in the methane case, were less effective and contain one CF; group.
HFC-245ca has no CF; groups and was clearly less effective than the other fluorinated propanes tested.
The extinction strain rate curves clustered together in terms of the number of CF; groups present in the
agent.
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Among agents with the same number of CF; groups, compounds with higher fluorine to hydrogen atom
(F:H) ratios were slightly more effective agents, particularly at low concentrations: FC-218 was slightly
more effective than HFC-227ea and HFC-236fa; and HFC-227ca, HFC-236ea and HFC-236¢b were more
effective than the pentafluoropropanes. At higher concentrations, agent suppression effectiveness was not
as affected by the F:H ratio. The impact on suppression of substituting an F atom for an H atom in the
agent molecule is both chemical and physical in nature. F atoms can scavenge H atoms in flames to form
HF, reducing the number of H’s that participate in flame propagation reactions.”’ Furthermore, as shown
in Table 3-1, substituting one F for one H in a fluorinated propane led to a 5 % to 8 % increase in its
specific heat at 300 K, enhancing the molecule’s sensible enthalpy. Higher F:H ratios were therefore
expected to increase the physical suppression effectiveness of fluorinated propanes. However, as the data
show, the effect of substituting one H for an F was minor compared to that of arranging the fluorine atoms
to provide a CF; group: HFC-236fa was more effective than HFC-227ca, which has one more fluorine
atom but one less CF;5 group.

The impact of CF; groups on suppression is further illustrated by the fluorinated ethane results shown in
Figure 3-2a and Figure 3-3a. FC-116, which has two CF; groups, was more effective than HFC-125 and
HFC-134a, which only have one. HFC-134, which contains no CF; groups, was the least effective of the
fluorinated ethanes for most flame conditions. The presence of additional fluorine atoms in FC-116 and
HFC-125 could explain their enhanced effectiveness relative to HFC-134a and HFC-134. However, the
tetrafluoroethanes have the same number of fluorine atoms. At strain rates above 100 s, HFC-134a was
more effective than HFC-134, which correlates with the presence of a CF; group in the former. At lower
strain rates, the extinction concentrations of these two agents were comparable.

The presence or absence of a CF; group also influenced the suppression effectiveness of the halons shown
in Figure 3-3c. This figure shows that halon 1201 (CHF,Br) was less effective than both halon 1301
(CF;Br) and halon 13001 (CF;l), particularly at higher loadings; and halon 1211 (CF,CIBr) was slightly
less effective than halon 1301. Sheinson et al."” investigated the chemical suppression effectiveness of
the CF5;Y and SFsY (Y =F, Cl, Br, I) series in an n-heptane cup burner. They concluded that, for CF;Cl,
the CF; moiety made a greater chemical contribution to suppression than the Cl atom. This conclusion is
consistent with the greater effectiveness of halon 1301 relative to halon 1211 observed here.

Fluorinated Ethanes vs. Fluorinated Propanes

The effectiveness of the fluorinated ethanes relative to that of the fluorinated propanes can be assessed by
comparing Figure 3-2a to Figure 3-2b, and Figure 3-3a to Figure 3-3b. At strain rates below 100 s,
fluorinated ethanes extinguished methane flames at concentrations between 5 % and 10 %. Loadings
between 4 % and 8 % were required for the fluorinated propanes. In the case of propane flames, below
100 s, extinction concentrations for the fluorinated ethanes ranged from 6 % to 10 %. For the
fluorinated propanes, they ranged from 4 % to 8 %. The steeper extinction strain rate curves for the
fluorinated propanes indicate that, as a group, they were more effective agents on a molar basis than the
fluorinated ethanes. Table 3-1 shows that the specific heats at 300 K of the fluorinated propanes range
from 122.0 to 150.6 J-mol™'-K"', as opposed to 87.2 to 107.7 J-mol'-K™' for the fluorinated ethanes. The
greater effectiveness of the fluorinated propane agents is consistent with their greater sensible enthalpy
relative to the fluorinated ethanes.
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Methane Flames vs. Propane Flames

Figure 3-2 and Figure 3-3 can also be compared to assess the differences between suppression of methane
and propane non-premixed counterflow flames. The uninhibited propane flame was more difficult to
extinguish, requiring an average strain rate of 583 s vs. 415 s™ for methane. However, the extinction
strain rates of flames fueled with propane decreased more rapidly with increases in suppressant loading
such that, at strain rates below 100 s, methane and propane flames were extinguished by similar
fluorinated agent loadings. If the extinction strain rates are normalized by the corresponding uninhibited
strain rates and compared, the sensitivity of both methane and propane flames to agent addition is found
to be similar. The propane flames were slightly more sensitive to the suppressants. Figure 3-2 and show
that extinction strain rate curve shapes are different for the two fuels.

Numerical Investigation of Tetrafluoroethane Isomer Effectiveness

The kinetic model developed at NIST® for fluorinated hydrocarbons has been used to numerically
investigate the effects of halogenated compounds on C1 and C2 organic flames. ******"° With this model,
Tanoff et al.”” predicted extinction strain rates for methane/air counterflow flames suppressed by CF.,
CHF;, CF;CF; (FC-116), CF;CHF, (HFC-125), and CF;CH,F (HFC-134a). The NIST model was also
used by Linteris et al.”’, who reported both experimental and computational flame speeds for methane/air
mixtures containing FC-116, HFC-125, and HFC-134a. Reaction pathway analyses of agent
decomposition showed that CF,O was an important intermediate for FC-116, which initially decomposes
to form two CF; radicals. The numerical calculations predicted that as the hydrogen content of the
fluorinated ethane increased, less CF,0 was produced. To our knowledge, no previous modeling studies
have compared different isomers. In the present form of the kinetic mechanism, only fluoroethane
isomers may be compared, because the fluorocarbon kinetic mechanism, in its original form, does not
include C3 species. Recently, the mechanism has been extended to cover HFC-227ea. **°** Kinetic
mechanisms for other fluoropropanes have not yet been developed.

In the present study, calculations were conducted using the NIST model to predict flame speeds of
stoichiometric methane/air mixtures doped with 3.81 mole % of either HFC-134 or HFC-134a. The goal
of these calculations was to determine if the current kinetic model predicts isomeric differences between
the two agents, and why these differences may exist. Although extinction strain rate predictions, such as
those performed by Tanoff et al., are more relevant to the measurements of Figure 3-2a and Figure 3-3a,
they are computationally more demanding. It is generally acknowledged that flame speed is closely
related to extinction strain rate.”' The current calculations, which predict isomeric differences in
suppression, should therefore carry over to non-premixed flames.

The flame speed calculations were performed on a domain extending 25 cm from the flame into the cold
reactants, and 60 cm into the hot products. The calculations used multicomponent viscosities, thermal
diffusivities for H and H,, and windward differencing for the convective terms. The initial temperature of
the reactants was set to 298.2 K. The ultimate solutions were obtained on meshes having 150 grid points.
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The kinetic mechanism used was essentially that developed by NIST, modified according to L’Espérance
et al.®" The reactions

FCO + CHF, < CF,:CO + HF (R3-1)
CF;CHF + H < CHF:CF, + HF (R3-2)
CF;CHF + H < CH,F + CF; (R3-3)
HCO + CF; < CF,:CO + HF (R3-4)

were taken from Linteris et al. °” Furthermore, the reactions

CH,F + CF; + M < CH,FCF; + M (R3-5)
CH,F + CF; < CHF:CF, + HF (R3-6)

were also added. These latter two reactions were not present in the NIST mechanism, although the
analogous reactions for all other pairs of fluorinated methyl radicals were included. The kinetic rates of
reactions R3-5 and R3-6 were estimated by taking the geometric mean of the rates of the analogous
reactions for CH; + CF; and CHF, + CF;. R3-5 represents an additional destruction pathway for
HFC-134a not considered in the modeling of Reference 57.

Finally, the thermal decomposition reaction

CF3-CHF (+ M) < CF,:CHF + F (+ M) (R3-7)

was added using the high pressure kinetic expression from Reference 56 and estimated low pressure
kinetics from Reference 84. This reaction proved very important in modeling suppression by HFC-227¢a,
in which the CF;-CHF radical is formed from the parent agent by C-C bond dissociation. From
HFC-134a, this radical is produced by hydrogen abstraction.

The predicted flame speeds for the mixtures containing HFC-134 and HFC-134a were 18.9 cm/s and
15.5 cm/s, respectively, or 48 % and 39 % of the calculated uninhibited methane/air flame speed of
39.4 cm/s. For the HFC-134a case, the experimental measurement and numerical prediction of Linteris et
al.’” were 38 % and 29 %, respectively. Flame speed measurements for methane/air/HFC-134 mixtures
have not been reported. Thus, the kinetic model predicted a substantial difference in inhibition
effectiveness between the two tetrafluoroethane isomers. The refinements in the kinetic mechanism
greatly improved agreement with the experimental flame speed measurement for HFC-134a.

Reaction pathway diagrams for HFC-134 and HFC-134a are shown in Figure 3-4a and Figure 3-4b. The
major removal pathway for CHF,-CHF, is thermal dissociation of the C-C bond. For CH,F-CF;, the
major removal pathways are hydrogen abstraction by H and OH, and HF elimination. Sensitivity analysis
indicated that these initial reaction steps had the greatest influence on the difference in flame speed
between the two isomers. This may be a consequence of the major removal pathways for HFC-134a
consuming H or OH and generating less reactive species, while the dominant HFC-134 pathway generates
radicals.
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The reaction pathways associated with HFC-227ea should be representative of those of other fluorinated
propanes. HFC-227ea, under most conditions, is consumed by thermal decomposition, not radical attack.
The decomposition pathways are HF elimination and C-C bond removal. The latter process dominates in
near-stoichiometric, high temperature flames.* For asymmetric isomers, more than one product channel
exists for most agent destruction reactions. If a fluorinated ethyl radical is produced by thermal
decomposition, it is likely to decompose through H atom elimination from the methyl group, if one is
present. Otherwise, F atom elimination will be the dominant process.** H and F are both reactive species.
However, H has a higher diffusivity and participates in the H + O, chain branching reaction, while F
reacts primarily in a chain propagating reaction with H,O. These considerations provide one possible
explanation for the observed isomeric differences among fluoropropanes. Kinetic mechanisms for these
agents must be developed and validated before a more definitive analysis can be conducted.
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Cup Burner Experiments

The n-heptane and methanol cup burner extinction concentrations obtained in Reference 62 are provided
in Table 3-2. Concentrations based on both volumetric and molar proportions are included. The two sets
of values are not identical as several of the agents deviate from ideal gas behavior at ambient conditions.
Each concentration represents the average of at least 3 runs. At the 99.7 % confidence level (3c), the
uncertainties associated with the cup burner values were estimated to be + 0.6 mole %, with the exception
of those for CF4 and N,, estimated to be =+ 1.5 mole %. Table 3-2 also shows the n-heptane cup burner
data (vol. %) of Hamins et al.”® Extinction concentrations from the two data sets are within 7 % of each
other for all agents except HFC-236fa, for which they differ by 11.5 %.

Table 3-2. Cup Burner Extinction Concentrations.

n-Heptane n-Heptane Methanol
Cup Burner Cup Burner Cup Burner
(Present Study) (Reference 50) (Present Study)
Agent Vol. % Mol. % Vol. % Vol. % Mol. %
Halon 1301 3.1° 3.1 3.0 6.3 6.4
Halon 13001 3.2° 32
Halon 1211 3.6 3.7
Halon 1201 4.1 4.1
FC-218 6.1° 6.3 6.4
HFC-236fa 6.1 6.3 6.8 8.0 8.2
HFC-227¢a 6.4 6.6 6.3 8.9 9.2
HFC-227ca 6.9 7.1
HFC-236ea 7.2 7.5 9.9 10.3
HFC-236¢b 7.4 7.7
FC-116 7.9° 8.0 8.4
HFC-125 8.8 8.9 8.8
HFC-134a 10.0 10.2 10.2
Sulfur Hexafluoride 10.6 10.9
HFC-134 10.9 11.1
Tetrafluoromethane 16.0° 16.0 22.0 22.1
Nitrogen 30.0° 30.0 31.8 41.6 41.6

* From Reference 13.
® From Reference 13, but corrected for typographical error.

Hamins et al.>® and Saso et al.®® compared cup burner values to extinction data collected in liquid
n-heptane counterflow flames. Both studies found that counterflow extinction concentrations at low
strain rates were similar to those obtained in a cup burner. To assess the impact of fuel type on extinction
loadings, methane and propane counterflow values at low strain rates were compared in the present study
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to n-heptane and methanol cup burner values. An appropriate counterflow extinction strain rate must be
selected to make the comparison. Hamins et al. used a global strain rate of 50 s. Saso et al. used a
global strain rate of 30 s™', but defined their global strain rate as half that used by Hamins et al. In this
investigation, a local strain rate of 80 s was chosen.

Figure 3-5a, b, ¢, and d show n-heptane cup burner, methanol cup burner, methane counterflow, and
propane counterflow extinction results, respectively. For each fuel, the agents are presented in decreasing
order of effectiveness, with the most effective agent being the top bar. The methane and propane
counterflow extinction values for N, were divided by two for presentation in the figure. The counterflow
extinction concentrations for agents not tested at strain rates as low as 80 ' were extrapolated from the
curves of Figure 3-2 and Figure 3-3. The predicted agent extinction concentrations represent the loadings
that would be required to suppress the given flames assuming that the agents were inert, and that they
extinguished the flames at the same sensible enthalpy per mole of oxygen as CF4 and SFs.

Physical Versus Chemical Contributions to Suppression

Physical versus chemical contributions to suppression for different agents are compared following the
formalism of Tucker et al.® and Sheinson et al."”> Physical contributions attributed to agent addition
include increased thermal mass, oxygen dilution, and increased conductive heat losses for agents with
high thermal conductivities such as helium. Sheinson et al. found that the dominant physical effect of
most fluorinated agents is to add thermal mass. CF, and SFg, essentially inert, both extinguish n-heptane
cup burner flames when the amount of agent added is such that the energy required to raise the
temperature of the nitrogen and agent present, from 300 K to 1600 K, exceeds a critical value. This
critical value is proportional to the amount of oxygen supplied, and is similar for CF4 and SF¢. It is lower
for non-fluorinated agents such as Ar, He, N,, and CO,, due to greater contributions of thermal
conductivity and oxygen dilution to suppression for these agents.

In the present study, the extinction concentration for CF, was used to estimate the sensible enthalpy per
mole of oxygen required to extinguish a methanol flame. The estimated extinction sensible enthalpy for
this flame was found to be 322 kJ/mol O,. Similarly, SFs extinction concentrations were used to obtain
extinction sensible enthalpies for methane and propane flames of 254 kJ/mol O, and 258 kJ/mol O,,
respectively. In the case of n-heptane, both CF, and SF¢ extinction concentrations were available. The
SF¢ data led to a sensible enthalpy value 1 % lower than that estimated from the CF, data. The average of
the two values, 267 kJ/mol O,, was chosen as the extinction sensible enthalpy for the n-heptane flame.

Physical contributions to suppression of other compounds can be estimated by assuming that they are
inert and that they extinguish a given flame at the same sensible enthalpy per mole of oxygen as CF, and
SF¢. The method is valid for compounds with physical contributions to suppression dominated by
thermal mass addition, as they are for SF¢ and CF4. Physical predictions for the extinction concentrations
of the agents tested in this study are shown in Figure 3-5. The sensible enthalpies required to raise agent
temperature from 300 K to 1600 K are provided in Table 3-1. A comparison of the measured and
predicted extinction data reveals that the bromine- and iodine-containing compounds suppress flames
mostly through chemical means, with physical contributions to suppression not exceeding 30 %
regardless of fuel type. For all of the other agents, the chemical contribution to suppression does not
exceed 35 %. The differences between the measured and predicted values for N, are consistent with the
findings of Sheinson et al. For HFC-134 and HFC-245ca in methane, the actual extinction concentrations
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are larger than the sensible enthalpy predictions. The net effect of fluorocarbon chemistry for these
agents, which do not contain CF; groups, is to promote combustion.
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Figure 3-5. Extinction Concentrations for Agents Suppressing: (a) n-heptane/air Cup
Burner Flames; (b) Methanol/air Cup Burner Flames; (c¢) Methane/air Counterflow Flames
at a Strain Rate of 80 s™'; (d) Propane/air Counterflow Flames at a Strain Rate of 80 s™
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Effect of Fuel Type on Suppression Effectiveness Ranking

The extinction data of Figure 3-5 show that agent effectiveness rankings were similar for the fuels tested.
The bromine- or iodine-containing agents formed the most effective group of suppressants. FC-218,
HFC-227ea, HFC-227ca and HFC-236fa constituted the next most effective group, followed by the
remaining hexafluoropropanes and the pentafluoropropanes. HFC-245ca was the least effective of the
fluorinated propanes tested, but was more effective than FC-116 and HFC-125. The tetrafluoroethanes
and SFs were only more effective than CF, and N,. The effectiveness ranking for methane, although
similar to that of the other fuels, did exhibit some peculiarities. First, FC-116 appeared more effective
than most of the fluorinated propanes. Second, within the 3¢ experimental uncertainty of = 0.8 mole %,
all of the fluorinated propanes tested containing less than two CF; groups were equal in their ability to
suppress methane flames at 80 s™'.

Although the relative effectiveness of the various suppressant groups was similar for all the fuels tested,
the exact ranking within a group depended on the fuel. Furthermore, the rankings extracted from the
counterflow data were somewhat strain rate dependent. The position of the SF¢ extinction strain rate
curve relative to those of the fluorinated ethanes illustrates this dependence.

Figure 3-3a shows that at strain rates between 400 s' and 500 s, in a propane flame, SFs was more
effective than HFC-125. Below 100 s™', it was less effective than both HFC-134 and HFC-134a. These
extinction concentrations are all expressed on a molar basis. On a mass basis, the bromine- and iodine-
containing agents were still the most effective suppressants, with all of the other agents tested, including
N,, exhibiting similar effectiveness.

Effect of Fuel Type on Agent Extinction Concentrations

Figure 3-5 shows that fuel type had an impact on the magnitude of the extinction concentrations, but not
on the effectiveness ranking of the agents tested. The extinction concentrations obtained in the four
different fuels are compared for several agents in Figure 3-6. Included are all of the agents tested in the
n-heptane cup burner, with the exception of halon 13001, halon 1211, and halon 1201. The agents are
ranked in order of decreasing n-heptane effectiveness, with the most effective agent as the top bar.

Figure 3-6 shows that, for the agents tested, methanol flames were more difficult to extinguish than the
alkane flames. This was due in part to methanol’s high sensible enthalpy of extinction relative to that of
the alkanes. For all agents except halon 1301, between 30 % and 40 % more agent was required to
suppress methanol flames relative to the n-heptane flames. For halon 1301, the required amount doubled.
The greater reduction in the effectiveness of halon 1301 was attributed to a decrease in its chemical
contribution to suppression. For n-heptane, chemical factors contribute 80 % to halon 1301’s
effectiveness. For methanol, they contribute 70 %.

Extinction concentrations for methane and propane non-premixed counterflow flames at 80 s-1 were
similar to those for n-heptane cup burner flames. All 12 of the agents tested in both n-heptane and
methane flames were more effective against the latter. The largest deviations between the two fuels
occurred with N,, 28 %, and HFC-116, 20 %. For 8 out of the 12 agents, the deviations were less than
10 %. In the case of propane, the largest deviations from the n-heptane values occurred with HFC-236¢b,
25 %, and HFC-134, 22 %. For 4 out of the 13 agents tested in both fuels in Figure 3-6, the deviations
were less than 10 %, with all 13 agents more effective in propane. Halon 1201 and halon 13001 were the
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only agents more effective in n-heptane: 10 % more halon 1201 and 3 % more halon 13001 were required
for propane flames. Counterflow experiments with both methane and propane at low strain rates yield
extinction concentrations, in addition to effectiveness rankings, applicable to n-heptane cup burners.
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Conclusions

Curves relating extinction strain rate to agent molar concentration were obtained for a variety of
suppressants in methane/air and propane/air non-premixed counterflow flames. The list included four
fluorinated ethanes, ten fluorinated propanes, four bromine- or iodine-containing halons, CF,, SF¢s and N,.

e The relative effectiveness of the fluorinated propanes correlated with the number of CF; groups in
the agent’s molecular structure. Effectiveness did not correlate significantly with any other

structural feature.
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e For agents with the same number of CF; groups, compounds with higher fluorine to hydrogen
atom ratios were slightly more effective, particularly at low concentrations.

e The presence of CF; groups also correlated with an enhanced suppression performance of agents
that contain bromine.

e Numerical predictions of the flame speed of doped methane/air mixtures indicated that
HFC-134a, with one CF; group, caused a greater reduction in flame speed than HFC-134.
Chemical kinetic analysis indicated that a difference in the major pathway for removal of the
parent compound was primarily responsible.

e Overall, the fluorinated propanes were found to be more effective on a molar basis than the
fluorinated ethanes. This was consistent with the greater sensible enthalpy of the former. For all
the HFCs studied, the chemical contributions to suppression did not exceed 35 %.

e Bromine- or iodine-containing agents were more effective than compounds that contained
fluorine as the sole halogen. These bromine- and iodine-containing agents suppressed flames
mainly through chemical means, with physical contributions to suppression not exceeding
30 %.

o Fuel type did not affect agent effectiveness ranking, but did affect the magnitude of the extinction
concentrations. Methanol flames were more difficult to extinguish than either methane, propane,
or n-heptane flames, which were similar to each other. For halon 1301, the agent concentration
required to extinguish a methanol cup burner was more than double the amount required to
extinguish an n-heptane flame. For HFC-236fa, HFC-227ea, HFC-236¢ea, CF,, and N, 30 % to
40 % more agent was required.

3.3 METAL-CONTAINING COMPOUNDS

3.3.1 Background

The NGP also conducted research to identify new, non-halocarbon suppressants and to understand the
mechanisms of inhibition of known, effective agents.*>*’ Metal-containing compounds were of particular
interest. Prior to the NGP, the behavior of metal compounds in flames had been studied with regard to
several flame phenomena and had been found to be up to several orders of magnitude more effective
flame inhibitors than the halogens.”® While research had been conducted to understand metals in
hydrocarbon fames, and progress had been made, a thorough description of the mechanisms of inhibition
provided by these agents had yet to be delineated.

In the most obviously relevant work, metal-containing compounds have been added to flames in a number
of screening tests, aimed specifically at assessing their potential as fire suppressants. Results from these
tests have helped understand the compounds’ influence on flame speed (premixed flames) and extinction
(diffusion flames), as well as their effect on ignition. Flame studies have also been used to understand the
detailed mechanism of inhibition by metal agents, either by providing direct experimental data on species
present in the flame zone, or by validating numerical models which are then used to calculate the flame
structure; either of these approaches are then used to develop an understanding of the relevant chemical
kinetic mechanisms.



Metal-containing Compounds 143

Studies of engine knock suppression by metal-containing compounds provided much early data on metals
in flames. Since engine knock is known to occur from the rapid pressure rise (and subsequent
detonations) inside an engine cylinder caused by too fast reaction of the homogeneous charge of fuel and
air, the mechanisms of engine knock reduction may have clear relevance to fire suppression—in which
the goal is again to reduce the overall reaction rate with the addition of the suppressing agent. In
engines—as well as in heating applications—research has also been directed at understanding their
efficacy at soot reduction. Although both soot formation and the overall reaction rate of flames are
known to be related to the location and concentration of radicals in the flame, the effects of metals on soot
formation are not reviewed here.

Other systems have been used to understand metal chemistry in flames. A large amount of fundamental
work has been done with premixed, atmospheric pressure flat flames. The flat flame provides a nearly
one-dimensional system, and the region above the flame (i.e., downstream of the main reaction zone)
provides a long residence time, high temperature region for radical recombination. The H-atom
concentration typically is measured with the Li-LiOH method (described later in this chapter), and the
additive’s effect on the radical recombination rate is determined. In addition, much detailed fundamental
understanding has come from shock tube studies and flash photolysis studies in reaction vessels. Some
studies of fire retardants are also relevant to fire suppression mechanisms of metals, such as when the fire
retardant works by suppressing the gas phase reactions (and the subsequent heat release and heat feedback
to the solid sample). Finally, after-burning in rocket nozzles provided motivation to understand metal-
catalyzed radical recombination reactions, and modeling studies have been performed for those systems.

From these studies, it was clear that metals can have a profound effect on flame chemistry. Further, their
effectiveness in these varied applications may well be related. In any event, data from each of the
applications can provide insight into possible metals for application to fire suppression as well as provide
fundamental data useful for predicting their performance in a range of applications. Work investigating
the effect of metals for each of the applications is described in the remainder of this subsection.

The remainder of this section provides background on the current understanding of metal inhibition of
flames, identifying metals with fire suppression potential, and presents fundamental data which can be
used in future comparison with modeling results.

In particular, iron pentacarbonyl, Fe(CO)s, has been found to be one of the strongest inhibitors, up to two
orders of magnitude more effective than CF;Br at reducing the burning velocity of premixed
hydrocarbon-air flames.** Despite past research, a thorough description of its mechanism of inhibition
had not been delineated. Iron pentacarbonyl forms particulates upon passing through a flame.
Interestingly, other very effective inhibitors also involve a condensed phase. These inhibitors include
those which form the particulates after passing through the flame as well as those which are initially
added as a condensed phase. The former category includes other organometallics compounds such as lead
tetracthyl and nickel carbonyl and the halometallic compounds TiCl, and SnCl,,** as well as a new class
of fire suppressants, pyrotechnically generated aerosols,” which may work similarly. The latter category
includes the widely used alkali metal salt powders NaHCO; and KHCO3,91 other metal salts,92 and a new
type of suppressant, non-volatile organic precursors.”” These condensed phase agents have many
similarities, in particular, their strong inhibiting action and the lack of a complete understanding of their
modes of inhibition.
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Because Fe(CO)s is so effective, it was selected first for further study under the NGP. Although its
toxicity prevents it from being used as a flame suppressant, an understanding of its inhibition mechanism
was expected to help in developing new agents, and the experimental and analytical tools being developed
would be useful for the study of other heterogeneous inhibitors. The approach was to use simple
laboratory flames, both premixed Bunsen-type and counterflow diffusion, to obtain fundamental
information on the action of iron pentacarbonyl. The burning velocity and extinction strain rate, both of
which provide a measure of the overall reaction rate, were determined with addition of Fe(CO)s, while
varying the stoichiometry, oxygen mole fraction, flame temperature, and flame location. These
experiments allowed control of the chemical environment, the location where the metal-containing
species were formed, and the transport of these species to the reaction zone.

Studies of the inhibition mechanism of the iron are described, and are followed by a description of the
reasons why it losses its effectiveness in some flame systems. The equivalent flame inhibiting species of
other metal agents are then discussed, and evidence for any potential loss of effectiveness for these other
metals is assembled.

Engine Knock

Agents that reduce engine knock may also be effective flame inhibitors, and it was useful to examine the
literature of engine knock to search for possible moieties. Engine knock is the onset of detonation waves
in an engine cylinder brought about by the homogeneous ignition of the end-gas region of highly
compressed and heated fuel and air. The effect of some agents in reducing knock has been known since
the 1920s, including compounds of bromine, iodine, tellurium, tin, selenium, iron, and lead, as well as
aniline.” Tetraethyl lead (TEL) very early became the anti-knock agent of choice. While much
subsequent research was performed to understand its mechanism of knock reduction, the exact
mechanism for this agent remains an unsolved problem in combustion research (perhaps because leaded
fuels were later banned due to their poisoning effect on exhaust catalytic converters). Although much
progress was made, the researchers divided into two camps: those endorsing a heterogeneous
mechanism’> and those promoting a homogeneous radical recombination mechanism.”®

Several known effects of lead in engines support the heterogeneous mechanism. Muraour’’ appears to
have been the first to propose chain-breaking reactions on the surface of a colloidal fog formed from TEL.
The particle cloud was subsequently shown to be composed of PbO, which is the active species.”® Since a
strong influence of PbO coatings on reaction vessel walls has also been observed,”® a heterogeneous
mechanism of PbO was assumed. Although other results support the heterogeneous mechanism, the
evidence is somewhat circumstantial. The known metallic antiknock compounds (tetraethyl lead,
tellurium diethyl, iron pentacarbonyl, nickel tetracarbonyl®) all produce a fog of solid particles. The
alkyls of bismuth, lead, and thallium are anti-knocks, but those of mercury (which does not form
particles) are not.” Richardson et al.'” showed that carboxylic acids increase the research octane number
of TEL in engines, and argued that they reduced agglomeration of the PbO particles in the engine end-
gas, but acknowledged that their arguments were qualitative. Zimpel and Graiff'®' sampled end gases in a
fired engine for transmission electron microscopy (TEM). They claimed that 1000 nm diameter particles
formed prior to the arrival of the flame, proving that the effect of TEL was heterogeneous. Commenters
to the paper pointed out, however, that the particles could be forming in the sampling system, that the
effect of lead extenders was not captured in the particle morphology, and that even if particles form, the
gas phase species can also be present, and it is thus not precluded that they are doing the inhibition.
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Based on the work of Rumminger and Linteris,'” even if particles form, they can re-evaporate in the hot
region of the flame if they are small enough. Finally, as described by Walsh,” a major shortcoming in the
work with TEL is that it is easily absorbed on the way to the reaction vessel, so that it is difficult to know
how much TEL actually makes it to the flame. As subsequently described by Linteris and
co-workers, the efficiency'""” and particle formation'**'® of organometallic agents are strongly affected
by the volume fraction of the metal compound.

In later work, Kuppo Rao and Prasad'® claimed to prove the heterogeneous mechanism of lead anti-
knock agents. They inserted copper fins coated with PbO into the cylinder of an engine, or injected 30 um
particles into the air stream, and found antiknock effects. They interpreted these results as evidence that
the mechanism is heterogeneous. Nonetheless, they did not measure for the presence of gas phase lead
compounds, so a homogeneous mechanism cannot be ruled out. For the eleven lead compounds tested,
they found the effectiveness to vary by a factor of about six, and found similarly sized particles of CuO,,
CuO, CuCl,, NiCl,, and SnCl, to have equal effectiveness which was less than any of the lead
compounds.

The early and strong evidence for a homogeneous gas phase inhibition mechanism of TEL was developed
by Norrish.”® Using flash photolysis of mixtures of acetylene, amyl nitrite, and oxygen in a reaction
vessel, with and without TEL, the absorption and emission spectra of amyl nitrate, OH, Pb, PbO, NO,
CN, CH, and TEL were obtained as a function of reaction progress. The reactants were chosen since, in
the absence of anti-knock compounds, they showed the strong homogeneous detonation characteristic of
engine knock. The researchers found that the induction time increased linearly with TEL addition at low
TEL partial pressures, but that the effectiveness dropped off at higher pressures. This result was
described subsequently for the flame inhibitors Fe(CO)s,gg’103 SnC1**" and CH;CsH4,Mn(CO);
(MMT)."”" After decomposition of TEL, Pb was present in low concentration, followed by large amounts
of PbO and OH, which subsequently dropped off. With TEL addition, the formation of OH was retarded,
and the increase in OH emission was smoother and better behaved. No particles were reported. Norrish
et al. described the action of TEL as a two-stage homogeneous gas phase reaction mechanism. In the first
stage, TEL reacts with the peroxide and aldehyde intermediates (characteristic of the end of the cool
flame regime of alkane combustion), thus reducing the availability of these species for initiating the well-
known second stage of the combustion. Gas phase PbO from the TEL then reacts with the chain-carrying
intermediates to reduce the rate of heat release, slow the temperature rise, and reduce detonation. It is
noteworthy that many of the features subsequently described by Linteris and Rumminger''® as necessary
for flame inhibition by iron compounds (effectiveness in the absence of particles, decreasing effectiveness
with higher inhibitor concentration, key role of the metal monoxide species, and the necessary
coexistence of OH and metal monoxide species) were shown in the 1950s by Norrish and co-workers to
be necessary for effective knock reduction by TEL. Although it was of the highest quality, the findings of
Norrish and co-workers were discredited by the engine community largely because the tests were not
done in engines or with typical fuels. This work predated most of the important flame inhibition work of
the 1970s by 20 years.

Flame Screening Tests

Papers describing the results of screening tests clearly demonstrated the superior effectiveness of some
metal-containing compounds as flame inhibitors. The seminal work of Lask and Wagner** investigated
the efficiency of numerous compounds for reducing the burning velocity of premixed Bunsen-type
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hexane-air flames stabilized on a nozzle burner. They found the metal halides SnCl, and TiCly to be quite
effective at low volume fraction (and GeCly about a factor of two less then these). In unpublished work,
cited by others,'"" Lask and Wagner provide the measured flame speed reduction with addition of SbCls
to hexane-air flames, showing it to be about twice as effective as CF;Br. They tested Fe(CO)s, Pb(C,Hs)s,
and CrO,Cl, and found these to be spectacularly effective, with volume fractions of only 170 pL/L and
150 puL/L required for the first two to reduce the burning velocity by 30 %. (Although not quantified, they
believed the effectiveness of CrO,Cl, to be even higher.) They categorized the active species in the
compounds they tested into two classes: the halogens, and the much more effective transition metals.
Skinner and coworkers,''> using a burner which produced conical flames, tested 80 compounds for
reducing the burning velocity of premixed hydrogen-air flames (fuel-air equivalence ratio ¢ of 1.75).
They found the most effective to be: tetramethyl lead TML Pb(CHj;),, Fe(CO)s, TiCly, SnCly, SbCls, and
TEL (in that order), with TEL only slightly better than CF;Br, and TML about 11 times better. A
limitation of this work, however, was that the agents were tested at only a single volume fraction. Since
the efficiency of many agents is known to vary with their concentration,'® such an approach can skew the
relative performance rankings. Also, in the hotter, faster-burning hydrogen flames, the propensity to form
particles from the metal oxides and hydroxides is less than in the slower, cooler hydrocarbon-air flames of
other studies (see Rumminger et al.'®®). An additional flame screening test was performed by Miller,'"?
who tested 15 compounds added to low-pressure (1.01 kPa) premixed and diffusion flames, and found
SnCly, POCI;, TiCly, Fe(CO)s), WFg, and CrO,Cl, to have some promise.

Two screening tests involved the inhibition of propagating premixed flames through clouds of small solid
particles of inhibitor. Rosser et al.”' added metal salts as dispersions of fine particles (2 um to 6 pm
diameter) to premixed methane-air flames. They used the reduction in upward flame propagation rate
through a vertical tube as a measure of the inhibition effect. They correctly described the effects of flame
speed and particle diameter on the particle heating rate, and together with the volatilization rate for each
compound, assessed the fraction of the particle which was vaporized. They quantified the effect of
particle size on inhibition effectiveness, and showed that while additional agent decreased the flame
speed, the effectiveness eventually saturated (i.e., beyond a certain additive mass fraction, additional
inhibitor had a greatly reduced effect on the flame speed). They postulated a homogeneous gas phase
inhibition mechanism involving H, O, and OH radical recombination reaction with the metal atom and its
hydroxide. This mechanism had many of the features of subsequently described mechanisms'®"''*!°
which are now believed to be correct. They also correctly understood that catalytic radical recombination
relies upon a super-equilibrium concentration of radicals (commonly present in premixed flames and
diffusion flames at higher strain), and that this provides an upper limit to the chemical effect of
catalytically acting agents. Finally, they suggested that adding an inert compound as a co-inhibitor can
overcome this limitation. A number of alkali metal sulfates, carbonates, and chlorides were tested, as
well as cuprous chloride CuCl, which was found to be about twice as effective as Na,CO; (after
correcting for the larger size of the CuCl particles).

A later study involving premixed flames with particles was performed by deWitte et al.''” In it, relatively
large particles (100 um diameter) were electrostatically suspended in a tube and then injected into a
downward facing premixed Bunsen-type flame, and their effect on the flame temperature, burning
velocity, and extinction condition was measured. Various barium, sodium, and potassium compounds
were tested, as well as AICIL,, CuCl,, and PbO. The authors noted a thermal and chemical effect of the
particles, and assumed that the chemical effect was due to recombination of chain-carrying radicals on the
particle surfaces. The authors estimated that for these large particles, little of the particles could be
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vaporized. Nonetheless, it is not possible to separate the heterogeneous and homogeneous inhibition
effects from their data. The authors found particles of CuCl, and PbO to be about two and eight times as
effective as particles of Na,COs, and surprisingly, found AICl; to be about three times as effective.

Flame screening tests of many compounds were performed by Vanpee and Shirodkar’ to test the relative
effectiveness of metal salts. The metal acetonates and acetylacetonates were dissolved in ethanol, and
fine droplets of the metal salt solutions were sprayed into the air stream of a counterflow diffusion flame
over an ethanol pool. The inhibition effect was quantified, at a given air flow velocity (i.e., strain rate) as
the change in the oxygen volume fraction at extinction caused by addition of the inhibitor, normalized by
the inhibitor volume fraction (Mole merit number = (on,ext— on,ext,i)/Xi, in which on,ext,i and on,ext are
the oxygen volume fractions required for extinction, with and without added inhibitor, and Xi is the
volume fraction of inhibitor in the oxidizer stream). Their results are depicted in Figure 3-7, which shows
the metal compounds tested, listed from most effective to least. The maximum and minimum values of
the mole merit number are listed for the range of oxidizer velocities of the tests (50 cm/s to 60 cm/s).
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As the figure shows, the metal salts of Pb, Co, Mn, Fe, and Cr all showed some inhibition effect.
Interestingly, Fe(CO)s was not as effective as iron acetylacetonate, and for lead, the acetonate was about
twice as effective the acetylacetonate. It should be noted, however, that the interpretation of the present
data are complicated by several effects. First, changing the oxygen mole fraction changed the
temperature, which can change the effectiveness of an agent, as subsequently described in References
103-105, 118, and 119. Since the air stream velocity was changed while holding the nebulizer flow
constant, the ethanol concentration changed in these partially premixed diffusion flames. Adding
changing amounts of a fuel species (i.e., the carrier ethanol) in the air stream, changed the flame location
and the scalar dissipation rate for a given strain rate (i.e., air flow velocity), so that the extinction
condition was modified (as discussed in References 73 and 120). The size of the residual particle (which
will vary from agent to agent) could affect its ability to vaporize in the flame, affecting the indicated
efficiency. Finally, for metal agents that condense, their marginal effectiveness was a very strong



148 Flame Suppression Chemistry

function of the concentration at which they are added. Hence, without knowing what the additive mole
fraction was, it is difficult to cross compare the effectiveness of the different agents. For these reasons,
the results shown in Figure 3-7 are considered qualitative, rather than quantitative. For example,
subsequent studies'?' have rated iron as about 10 times as effective as sodium, in contrast to the results of
Vanpee and Shirodkar, which show the acetylacetonate of iron to be only about 20 % more effective than
that of sodium.

Radical Recombination above Premixed Flames

Much of the understanding of the homogeneous gas phase flame inhibition by metals came from studies
of H-atom recombination rates above premixed, fuel rich, H,-O,-N, burner-stabilized premixed flames.
The techniques, pioneered by Sugden and co-workers,'**"'?* involve absorption spectroscopy for OH, and
the Li/LiOH technique for H atom. (In the latter technique, the strong absorption lines of Li and Na are
simultaneously measured above a flat flame. With the assumptions that Na is present in the flame only in
atomic form and that Li is present only as Li and LiOH, the measured ratio of the Li to Na absorption
together with the known equilibrium constant for the reaction Li + H,O = LiOH + H provides [H].) In
some of their early relevant work they determined the dominant metal species in H,-O,-N, premixed
flames above Meker burners with added dilute sprays from aqueous salts of copper and manganese.
Copper was found to exist mostly as Cu in the flame, and the dissociation constants of CuH'* and

CuOH'"** were determined from their concentrations above the flame at different temperatures.

The copper-containing species present above a Meker burner supplied with H,-N,-O, mixtures with added
copper salts were found to be Cu, CuO, CuOH, and CuH."**'* Their concentrations were related by the
balanced reactions:

Cu+ H,0 < CuOH + H
Cu+OH+X < CuOH+ X
Cu +H; & CuH+H
Cu+H+X <& CuH+X.

In a detailed study of chromium, Bulewicz and Padley'*® added pL/L levels of Cr (from either chromium

carbonyl or aqueous sprays of chromium salts) to a premixed, fuel-rich, flat-flame burner of H,+O,+N,,
and measured the catalytic radical recombination by the chromium compounds. They identified the
active chromium species as Cr, CrO, CrO,, and HCrO; and also detected solid particles, which appeared
to have equivalent black-body temperatures up to 500 K higher than the gas. They estimated an upper
limit for the rate of heterogeneous radical recombination on the particle surfaces, and estimated that, at an
upper limit, it was the same order as the natural un-catalyzed recombination rate in the flame. They also
found that Cr showed measurable catalytic radical recombination even when added at volume fractions of
about 1uL/L, at which heterogeneous particle catalysis cannot be contributing. They cited Jenkins (1969,
personal communication) as first showing the catalytic effect of metals (Ca, Sr, Ba) on radical
recombination in flames. Interestingly, their data showed a saturation effect in the catalytic radical
recombination by Cr species, and their analyses showed that it is due, not to condensation of the active
gas phase Cr-containing species to particles, but to reduction in the available radicals to recombine.

Bulewicz and Padley proposed that the following balanced reactions are important in chromium
inhibition, but did not develop an explicit mechanism:
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Cr+OH < CrO +H
CrO + OH < CrO, + H
CI’OZ + HQO <> HCI‘O3 +H.

Further, they speculated that at very low additive concentrations, the following gas phase reactions might
be important:

CrO+H+X =>CrOH*+ X
CrOH*+H =>CrO+H; .

In continuing work, Bulewicz and coworkers''>''® studied the catalytic effects of 21 metal species for

recombining chain-carrying flame radicals present at super-equilibrium levels above premixed, fuel rich,
flat flames of H,+O,+N, at 1860 K. Table 3-3 shows the ratio of the catalyzed to uncatalyzed
recombination rate for H atom caused by each of the metals, added at 1.3 pL/L.

Table 3-3. Catalytic Efficiency of Different Metals in Promoting Radical Recombination.
Values of Kops/Kuncat (T = 1860 K; X[M] = 1.3 uL/L; H,/O,/N, = 3/1/6)

Strong Effect Some Effect No Effect

Cr 2.8 Co 1.1 v 1
U 1.82 Pb 1.1 Ni 1
Ba 1.75 Zn 1.07 Ga 1
Sn 1.6 Th 1.06 Cl 1
Sr 1.35 Na 1.04
Mn 1.3 Cu 1.04
Mg 1.25 La 1.04

Ca 1.25

Fe 1.2
Mo 1.16

The cut-off value for this ratio was arbitrarily set to 1.1, and those above that value were described as
having a strong catalytic effect. The possibility of heterogeneous recombination on particles was
admitted, but at these low volume fractions, the authors argued primarily for a homogeneous gas phase
mechanism involving H or OH reaction with the metal oxide or hydroxide (attributed to Jenkins).

H+ MO + (X) = HMO + (X)
HMO + OH (or H) = MO + H,O (or H),

in which M is a metal, and X is a third body.

Concurrent with the alkaline earth metals, Cotton and Jenkins''* showed that Ca, Sr, and Ba added as a
fine mist of a salt solution to premixed H,+N,+O, flat flames catalyzed the radical recombination for
additive volume fractions in the range of 1 pL/L to 10 pL/L. By estimating the reaction rates in possible
recombination mechanisms, they recommended the radical recombination mechanism to be:
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MOH + H => MO + H,
MO + H,0(+X) => M(OH),(+X)
M(OH), + H <> MOH + H,0.

Jenkins and co-workers extended their studies of metal-catalyzed radical recombination in premixed
flames to study soot formation in diffusion flames. The strong effect of metals on soot formation in
flames is well-known.'”” Cotton et al.'*® added 40 metals to co-flow diffusion flames of propane and
N,/O, mixtures and measured their effect on soot emissions and the smoke point. They postulated a
mechanism for soot reduction whereby the catalytic reaction scheme listed above ran backwards,
dissociating H,O and H, into OH and H, which then oxidized the soot particles.

The question of heterogeneous versus homogeneous gas phase chemistry was investigated by Bulewicz et
al.'” Through examination of the variation of the intensity of emitted radiation as a function of
wavelength from particles formed above a premixed H,+0O,+N, flat flame with added spray of aqueous
uranium salt, they determined that the particles (presumably uranium oxide) were up to 500 K above the
gas temperature. They interpreted the particle temperature rise to be caused by the catalytic
recombination of H and OH on the particle surfaces. Nonetheless, Tischer and Scheller'*° pointed out
that the spectral variation of the particle emissivity was unknown, and the gray-body assumption of
Bulewicz was probably unjustified. They also argued that the excess temperature may have been due to
surface reactions other than radical recombination.

In similar work with premixed, fuel rich, flat flames of H,+O,+N,, Jensen and Jones"! extended the

classic Li + H;O <> LiOH + H photometric method to include the equilibrium for the reaction
Sr"+H,0 <> StOH" + H ,

in which [STOH"]/[Sr'] was measured mass spectrometrically. Using both this new technique as well as
the LiOH photometric method, they studied the catalytic flame radical recombination by tungsten and
molybdenum, as well as once again confirming the strong effect of tin. Using flames at temperatures of
1800 K to 2150 K, and with metal addition at 1 uL/L to 110 uL/L, they collected data on the rates of
radical recombination in the presence of the metallic catalysts (added as tetramethyl tin, or hexacarbonyls
of tungsten or molybdenum), and measured the major species present in flames inhibited by W and Mo.
By analogy with the mechanisms they developed for calcium''* and iron'* in flames, they then postulated
reaction mechanisms for W and Mo, and estimated the rates for the reactions in the catalytic cycles. For
the conditions of their flames, the radical recombination cycles, for either W or Mo, were about five times
faster then those of tin. (Using the results of Linteris et al.,'"" this translates to an effectiveness about
10 times that of CF;Br, or about one-fifth that of Fe(CO)s). For tungsten and molybdenum, the cycles
are:

HWO;+H < WO; + H,
WO; + H,0 < H,WO,
H,WO4+H < HWO; + H,0
(net: H+ H & Hy)
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and

HMoO; +H <> MoO; + H,
MoO; + H,O < H,Mo0O,
H,Mo0O4+H < HMoO; + H,O
(net: H+ H < H,).

Jensen and Jones"' found the dominant species in tungsten and molybdenum inhibition to be WO;,
HWOs;, and H,WO,, and MoO3, H MoO3;, and H,MoO,.

In continuing work, Jensen and Jones'* used similar techniques to study the radical recombination by
cobalt added to a premixed, fuel rich, flat flame of H,-N,-O,. With Co added as cyclopentadienylcobalt
dicarbonyl at volume fractions of about 0.03 [JL/L to 145 [JL/L, and flame temperatures ranging from
1800 K to 2615 K, they spectroscopically identified the dominant cobalt-containing species to be Co,
Co0, CoOH, and Co(OH),, with most of the cobalt being present in the flame as free Co atoms. Again by
analogy with the Ca and Fe mechanisms, the Co mechanism was postulated to be:
Co+ OH=>CoO +H
CoOH+H <« Co+H,
CoO + H,0 <> Co(OH),
Co(OH), + H <> CoOH + H,O

(net: H+H < H,),

with the first step added since Co is the dominant Co-containing species. The rates of these catalytic
steps were again inferred from the experimental data. Cobalt appeared to be about 2/3 as effective as tin
in these flames.

Gas phase Flame Retardants

Insight into mechanisms of metal flame inhibition was gleaned from studies of metal species added to
materials as fire retardants (when their mode of action has been found to be in the gas phase). One such
system is the antimony - halogen combination. Although they did not unravel the detailed mechanism,
B4137 showed that the relevant species act in the gas phase; they believed that the
antimony moieties poisoned the flame, much as do brominated species. Similarly, Martin and Price'*®
observed that the addition of triphenylantimony to certain polymer substrates provided fire retardancy,
even in the absence of haloge