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PREFACE vii

Preface

On January 1, 1994, under the latest revision of the Montreal Protocol on Substances That Deplete the
Ozone Layer, the domestic production of halons, widely used by the civilian, commercial, and military
communities as a fire and explosion suppressant, was banned. The ban did not prohibit the use by the Navy of
existing halon stocks, which may be adequate for projected use well into the next century at present levels of
consumption. There is some concern, however, that potential future restrictions may limit the use of existing
supplies.

The Navy is critically dependent on halon as a fire and explosion suppressant aboard existing aircraft and
surface ships. Therefore, the Navy is faced with the following question: In view of the ban on halon production
and the possibility of future restrictions on the use of existing stocks, should the research effort on halon
substitutes be placed at a high priority or at a low priority while transferring emphasis to the search for
alternative (non-halon-like) approaches? To answer that question, the Office of Naval Research requested the
assistance of the Naval Studies Board.

Accordingly, the Committee on Assessment of Fire Suppression Substitutes and Alternatives to Halon was
established under the auspices of the Naval Studies Board and charged to examine the following issues and
provide advice to the Navy regarding its research on fire suppression systems and possible replacements for
halons:

1. Beginning with a thorough understanding of the mechanism whereby halon adversely influences the
ozone layer, and possibly contributes to global warming, assess the research effort directed at
finding a substitute for halon as a fire and explosion suppressant, and evaluate any potential
substitute for its (a) effectiveness compared to halon, (b) toxicity as a pure compound and after
exposure to fire, (c) stability of the compound (e.g., thermal, material compatibility), (d) ozone
depletion potential, and, if possible, global warming potential, and (e) impact on the firefighting
system (e.g., weight and volume competitiveness).

2. Based on the results of Task 1, assess the potential for finding a drop-in replacement for halon, and
identify the most promising areas of research.

3. Time and resources permitting, address the issue of comparable alternative approaches to fire and
explosion suppression aboard military platforms.

The committee conducted a study of roughly eight months' duration beginning in April 1996 and including
the following meetings and site visits:

o April 9-10, 1996, in Washington D.C. Held organizational meeting; received navy briefs.

e June 10-11, 1996, in Norfolk, Virginia. Toured halon installations aboard the USS Kearsarge, an
amphibious assault ship. Received briefings from Naval Sea Systems Command personnel.

o July 15-16, 1996, in Mobile, Alabama. Toured U.S. Navy shipboard full-scale fire test facility aboard
the ex-USS Shadwell and observed a full-scale test of an FM-200™-based fire suppression system in
the U.S. Coast Guard shipboard full-scale fire test facility aboard the State of Maine. Received briefings
from Naval Research Laboratory personnel and contractors and U.S. Coast Guard personnel and
contractors.

* August 14-15, 1996, in San Diego, California. Toured North Island Naval Base and examined halon
systems on U.S. Navy fixed-wing and rotary-wing aircraft. Received briefings on halon and inert gas
generator systems from Naval Air Systems Command personnel and contractors.

* November 11-12, 1996, in Washington, D.C. Final meeting.

The resulting report represents the committee's consensus view on the issues posed in the charge.
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http://www.nap.edu/catalog/5744.html

Alternatives to Halon for U.S. Navy Applications

viii

PREFACE

‘uonNguUe Jo} UOISISA SAIJE)IOYINE BY) se uoneolignd siy} Jo uoisiaA Juud ay) asn
ases|d ‘papasul A|lejuspiooe usaq aney Aew sious olydesBfodA} swos pue ‘paulelas aq jouued ‘Jsnemoy ‘Buipewloy oyoads-BuipesadA} Jayjo pue ‘sajhls Buipeay ‘syealq plom ‘syibus| aul| jeulblo sy} o}
anJ) ale syealiq abed "sa|i BuesadA) jeulblio ayy wouly jou Yooq Jaded [eulblio sy} woly payesld saji X Woly pesodwooal usaq sey 3Iom [eulblio ay) Jo uoiejussaidal [eybip mau siy] :aji 4ad SIy} Inoqy

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5744.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the original typesetting files. Page breaks are true

to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be retained, and some typographic errors may have been accidentally inserted. Please

use the print version of this publication as the authoritative version for attribution.

ACKNOWLEDGMENTS ix

Acknowledgments

The Committee on Assessment of Fire Suppression Substitutes and Alternatives to Halon wishes to express
its gratitude to the many individuals who provided valuable information and support during the course of the
study. Mr. James Homan and his staff in the Halon R&D Program in the Naval Air Systems Command, and Mr.
Robert Darwin and Mr. Joel Krinsky and their staffs in the Fire Protection Division and the HVAC Submarine
Life Support Division, respectively, in the Naval Sea Systems Command were exceptionally helpful. Likewise
Dr. Ronald Sheinson, Head of the Combustion Dynamics Section of the Chemistry Division at the Naval
Research Laboratory, and Dr. Richard Gann, Chief of the Fire Science Division of the Building and Fire
Research Laboratory at the National Institute of Standards and Technology, and their staffs provided extremely
valuable technical data.

The committee wishes to thank the commander and crew of the USS Kearsarge , a modem amphibious
assault vessel (LHD-3) based in Norfolk, Virginia. The committee toured this vessel and inspected the halon
installations on board. The ship's procedures with regard to the halon systems were described in detail and the
committee was impressed with the logic embodied in the Navy's practices.

The committee wishes to thank the commander, crew, and staff of the ex-USS Shadwell, site of the
shipboard full-scale fire test facility operated by the Naval Research Laboratory, and the staff of the State of
Maine, site of the shipboard full-scale fire test facility operated by the U.S. Coast Guard R&D Center. Both
vessels are docked in Mobile, Alabama. The committee was able to witness a full-scale test of an FM-200 TM-
based fire suppression system aboard the State of Maine.

Finally, the committee wishes to thank the men and women of the North Island Naval Air Depot for
graciously hosting the committee on its tour of the aviation maintenance facility there. The committee received
informative briefings from the staff of the Naval Air Systems Command and the Naval Air Warfare Center in
Lakehurst, New Jersey.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5744.html

Alternatives to Halon for U.S. Navy Applications

ACKNOWLEDGMENTS

‘uonNguUe Jo} UOISISA SAIJE)IOYINE BY) se uoneolignd siy} Jo uoisiaA Juud ay) asn
ases|d ‘papasul A|lejuspiooe usaq aney Aew sious olydesBfodA} swos pue ‘paulelas aq jouued ‘Jsnemoy ‘Buipewloy oyoads-BuipesadA} Jayjo pue ‘sajhls Buipeay ‘syealq plom ‘syibus| aul| jeulblo sy} o}
anJ) ale syealiq abed "sa|i BuesadA) jeulblio ayy wouly jou Yooq Jaded [eulblio sy} woly payesld saji X Woly pesodwooal usaq sey 3Iom [eulblio ay) Jo uoiejussaidal [eybip mau siy] :aji 4ad SIy} Inoqy

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5744.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the original typesetting files. Page breaks are true

to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be retained, and some typographic errors may have been accidentally inserted. Please

use the print version of this publication as the authoritative version for attribution.

CONTENTS

xi

Contents

Executive Summary

1 Introduction
References

2 Assessment of Research on Alternatives for Halon
Chemical and Physical Considerations in Evaluating Alternative Fire Suppression Agents
Toxicology Issues
Brief Overview of Studies of Halon Substitutes and Mechanisms
Findings
References

3 Atmospheric Chemistry and Evaluation of Environmental Effects of Fire Suppressants
Reduction of Zone—Mechanism and Effects
Atmospheric Lifetime, Ozone Depletion Potential, and Global Warming Potential as Indicators of
Environmental Impact
Other Environmental Effects
References

4 Navy-Specific Issues
Ship Systems
Aircraft Systems
Navy Halon Inventory
Retrofitting Non-Halon Systems in Existing Ships and Aircraft
Summary, Findings, and Recommendations

Appendixes
A Halon Use in the Navy
Why Halon? A Historical Overview

Ship Fire Extinguishing Systems
Aircraft Fire Extinguishing Systems

Copyright © National Academy of Sciences. All rights reserved.

15
19
19
20

22
22
26

35
42

45
46
50
53
56
61

63
63
65
73


http://www.nap.edu/catalog/5744.html

[}
>
=
=
[}
o
©
]
X
®
[}
o
0
()
(o))
©
o
»
Qo
C=
()]
£
&=
=
(0]
[72]
[}
Q.
>
Z
T
£
=
2
(@]
[}
<
£
IS
o
=
=
o
[
~
(]
o
0
-
[0}
Q
®©
o
©
£
=2
2
o
(]
ey
£
€
(]
o
£
©
]
o
®
[
o
o
2]
O
=
—
s
<
IS
(]
o
£
©
(]
[72]
(]
Q.
€
(]
[&]
[}
o
[
[}
(5}
Keo]
2]
©
°
-
=
o
3
T
£
=2
2
(@]
0]
ey
=
Z
]
C
S
2
©
o
C
(]
(2]
(]
o
Q.
[}
o
I
=
=2
©
2
(]
C
@
Ny
'_
o)
=
L.
a
o
@
ey
=
=
>
o
Q
<

and other typesetting-specific formatting, however, cannot be retained, and some typographic errors may have been accidentally inserted. Please

to the original; line lengths, word breaks, heading styles

use the print version of this publication as the authoritative version for attribution.

CONTENTS

xii

B Regulation of Halon and Halon Replacements
U.S. Regulation of Halons and Halon Substitutes
Alternatives to use of Halons
Halon Banking
References

C Stability and Materials Compatibility of Candidate Replacements for Halon
Storage Stability
Effects of Halon-Like Alternative Agents on Organic Materials and Metals
References

D Water Mist Fire Suppression Technology
Theoretical and Design Considerations
Recent Technology Advances
Experimental Evaluation of Water Systems
Current Status of Water Mist Systems
References

E Glossary

Copyright © National Academy of Sciences. All rights reserved.

75
76
78
79
79

80
80
82
84

85
86
86
88
92
93

96


http://www.nap.edu/catalog/5744.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the original typesetting files. Page breaks are true

to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be retained, and some typographic errors may have been accidentally inserted. Please

use the print version of this publication as the authoritative version for attribution.

EXECUTIVE SUMMARY 1

Executive Summary

Halons are recognized as ideal fire extinguishing agents, particularly for fighting fires caused by flammable
liquids and explosive gases. They are highly effective in extinguishing fires in minimal time, are non-corrosive,
and when deployed at recommended volume densities are non-toxic. Because of these characteristics, halons are
widely used on board Navy ships and in aircraft.

Unfortunately, halons contribute to the depletion of Earth's stratospheric ozone layer, which results in
higher levels of ultraviolet radiation at Earth's surface and thus gives rise to serious health effects. Halons are
chemically related to chlorofluorocarbons (CFCs) that were earlier shown to degrade the ozone layer and
consequently were banned. Although as compared with CFCs the quantities of halons released are much smaller,
the halons are more active in destroying ozone and their effect is significant.

Under an Executive Order effective in January 1994, halons may no longer be manufactured in the United
States. But because of the difficulty of finding a suitable fire extinguishing substitute for halons 1301 and 1211,
the military services are permitted to use these chemicals for mission-critical purposes, such as fire fighting, in
existing platforms (ships, aircraft, weapons, vehicles) until the current halon supply or "bank" is exhausted.

This study was undertaken by the Committee on Assessment of Fire Suppression Substitutes and
Alternatives to Halon to assess research in the science and engineering relevant to identification and evaluation
of alternative agents that could be developed to replace halons, including the likelihood of the existence of
virtually identical agents. For alternative agents that have been identified, the committee also assessed efforts to
quantify the penalties in added weight and volume of storage and distribution systems required. The study also
addressed non-halon-like extinguishing systems as possible alternatives.

APPROACH AND SCOPE OF STUDY

The study involved a review of the extensive research and engineering literature covering the physical and
chemical processes active in flames and involved in flame extinguishment. Information on test methodology,
including agent toxicology, storage stability, and extinguishment effectiveness, was collected. Synthetic
chemical schemes for the manufacture of halon alternatives were reviewed. Published lists of prospective halon
replacements were evaluated. Atmospheric chemistry relevant to ozone depletion was examined in the light of
recent work, and the possibility of secondary environmental effects was studied. Ozone depletion potential
(ODP), a useful metric found in regulatory legislation, was described and tabulated for alternative agent
candidates. Global warming potential (GWP), a measure of agent effect on climate, was treated similarly. The
history of halon regulation and the likelihood of important modifications were also discussed.

In addition, information concerning Navy-specific aspects of halon replacement was assembled. The nature
of Navy fires, existing extinguishing systems, and hardware configurations were reviewed, with Navy guidance,
for ships and aircraft. Alternatives to halon that are under consideration for new-construction platforms were
examined (HFC-227ea for non-machinery spaces on ships and HFC-125 for engine bays on aircraft). Non-halon-
like methods were also reviewed (water mist systems for shipboard machinery spaces and inert gas generators
for aircraft dry bay and engine bay applications). The potential for retrofit of those four alternatives on existing
platforms was examined. Finally, the projected evolution of the Navy halon inventory was studied.

With these various aspects of the study carried through, the committee was able to take positions on the first
two elements of the statement of task (see preface, p. vii) and to comment knowledgeably on the third.
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KEY FINDINGS

» After reviewing research, development, toxicology, and engineering activities directed toward finding
alternative and replacement agents for halon 1301 and halon 1211, the committee finds that in this
context, the relevant aspects of the problem are being studied effectively and a comprehensive body of
scientific and engineering knowledge is being developed, and the committee has identified no obvious
gaps in these important efforts.

* It is unlikely that a drop-in replacement agent will be discovered that will exhibit all of the beneficial
properties of halon 1301 and not also exhibit a significant environmental impact.

» Effective alternative chemical agents have been identified by the Navy and are currently being
incorporated into the design of new ships and aircraft. There is a weight and volume penalty associated
with these agents relative to halons, but the impact can be minimized if use of these agents is
incorporated into initial platform design. Further, retrofit of these agents into existing naval platforms is
technically feasible in most cases.

* In addition to the chemical replacement agents, promising alternative fire extinguishing systems such as
water mist systems and inert gas generators are under consideration by the Navy for some applications.
These systems are being incorporated into new-design naval platforms.

CONTENTS OF THIS REPORT

This study addresses various science and engineering aspects of the agents and methods that are being
considered as substitutes for halons and halon systems used as fire suppressants by the U.S. Navy in ships and
aircraft. Chapter 1 points out the Navy's ongoing need for effective fire suppression and outlines the set of
extensive requirements that candidate replacements for halons must satisfy. Chapter 2 describes research on
flames, mechanisms of flame suppression, methodology of agent evaluation including suppression efficiency and
toxicology, manufacturability, and aspects of the search for alternative agents. Atmospheric chemistry
phenomena relating to an alternative agent's capacity to deplete ozone, contribute to global warming, or give rise
to surface pollution through the accumulation of noxious reaction products are covered in Chapter 3. Chapter 4
describes Navy-specific aspects of halon replacement in ships and aircraft, suggests possible courses of action,
and provides the committee's preferred alternative. The appendixes give details as appropriate.
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INTRODUCTION 3

1

Introduction

"Fire is both the servant of mankind and its destructive demon," states John Lyons in his illuminating book
on the subject, written for the general reader.! On ships and aircraft, where escape is dangerous or impossible,
fire carries a special terror. The terror is compounded for warcraft, which carry large quantifies of highly
flammable fuel and an arsenal of explosives and their propellants, and are required to operate in an environment
that is hostile by design of an adversary. It is evident that the U.S. Navy must have at its disposal the most
effective means of fighting fires that technology can supply and that also satisfy other necessary requirements.

Halons are a class of halogenated hydrocarbons that are highly effective in suppressing combustion and
that, accordingly, are widely deployed on the ships and aircraft of the U.S. Navy.” Anyone who has observed an
inferno of spewing fuel oil extinguished in seconds by halon can appreciate the Navy' s strong reliance on this
method of protection. Beyond efficacy, halons exhibit other properties that make them ideal fire suppressants in
a variety of applications. These properties include ease of distribution in obstructed spaces, low toxicity, and
storage stability. Unfortunately, like the chlorofluorocarbons, halons have been identified as agents of
stratospheric ozone depletion, and their domestic manufacture was terminated in accordance with international
treaty and U.S. law.>3* In this study the Committee on Assessment of Fire Suppression Substitutes and
Alternatives to Halon addresses various scientific and engineering aspects of the agents and methods that are
being considered as substitutes for halons and halon systems.

The Navy currently has a considerable investment in halon systems, and it would be highly desirable to
identify alternative agents that can be substituted for halon in existing hardware and pose no environmental
threat. It is a great challenge to find a material that matches the necessary properties of halon 1301 (chemical,
physical, and toxicological) to produce a "drop-in" replacement. Once a candidate halon alternative has been
identified, it must be tested under the following demanding set of criteria:

1. Fire suppression effectiveness for a flooding agent, usually as measured by a cup burner, which is a
laboratory-scale test that gives relative performance in terms of vapor concentration required for
extinguishing a hydrocarbon flame;

2. Capability for distribution through the protected space via pipes and nozzles in a few seconds;

Toxicological test protocols designed to ensure that exposure of Navy personnel will not be harmful;

Activity in destroying atmospheric ozone (as measured by the ozone depletion potential (ODP)

metric);

Effect on climate (as measured by the global warming potential (GWP) metric);

Environmental consequences of decomposition products following release;

Storage stability; and

Compatibility with materials (metals, elastomers, lubricants) contacted in storage and distribution

hardware.

> w

® N

To be viable, an agent must satisfy all these tests. Although the test and modeling methodologies are well
developed, it is still necessary to do full-scale testing to fully qualify an alternative.

* The Navy relies mainly on halon 1301 (CF;Br) and uses smaller quantities of halon 1211 (CF,CIBr). For purposes of
comparison in evaluating alternatives to halons, halon 1301 is the type referred to more frequently in this report.
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INTRODUCTION 4

Research on flames and methods for extinguishing flames has been active in recent years, giving rise to a
large literature. Theory, modeling, and direct observation of flames have attracted much attention. Flame
reactions involve fuel (usually hydrocarbons in the context of this report) and oxygen. Flame reactions occur
only at high temperatures (>800 K), and they are mediated by critical "radicals," the most important of which is
the hydrogen atom. Therefore, the strategy for extinguishment is to cool the reaction mixture and to introduce
chemical entities that will remove hydrogen radicals (e.g., bromine or, to a lesser extent, chlorine). Halon does
both. Progress in the understanding of flames and their extinguishment has been quite encouraging, but it is still
necessary to test extinguishing agents in full-scale conditions.

Over the past decade, a systematic, broadly based search has been implemented for halon alternatives,
covering many classes of compounds that are candidate alternatives or might shed light on chemical mechanisms
involved. This is an active and well-directed community. The most obvious candidates for replacement of halons
are perfluorocarbons (PFCs) and hydrofluorocarbons (HFCs). These chemicals can quench flames by cooling. In
addition, hydrochlorofluorocarbons (HCFCs) are under consideration; for HCFCs it is hoped that the chlorine
atom will contribute to extinguishing the flame by removal of the radical, but that the molecule will not survive
long enough in the atmosphere to reach the stratosphere (where it could threaten the ozone layer). Although they
are difficult to synthesize, a selection of these classes of compounds are available commercially.

Toxicology is a key aspect of halon replacements. Although the Navy evacuates personnel from spaces to
be flooded with halon 1301, there is always the possibility of accidental discharge, and the hazard must be
carefully assessed. The toxicology of halon alternatives has been studied, and protocols for agent testing and use
have been delineated.

In the evaluation of candidate alternatives it is necessary to characterize the atmospheric chemistry of each
compound, and this is a productive field of research. Reactions in the lower atmosphere are important in
determining a compound's lifetime and the probability of its reaching the stratosphere. The chemistry of ozone
depletion has been well documented. These complex issues have been integrated successfully under the concept
of ozone depletion potential (ODP), a useful metric that has been adopted in the U.S. Clean Air Act. Because
many of the compounds under consideration have long atmospheric lifetimes and strongly absorb infrared
radiation, they are expected to contribute to global warming. Although at this time there are no restrictions based
on global warming potential (GWP), the possibility of future restrictions should be factored into the selection of
any alternative agent or system. It is further necessary to prove that agent decomposition products will not give
rise to ecological problems. Here again research has been active.

It is sobering to consider the extensive nature of the requirements—beyond flame supression capability—
that a halon replacement must satisfy. It must be storable as a liquid (to conserve space) but must vaporize
quickly to a gas on release (to fill an obstructed space and to act on the flame, within seconds). Of course, the
ozone depletion potential must be acceptably low. In addition, the toxicology, storage stability, materials
compatibility, and environmental consequences of decomposition products following release of the agent must
be acceptable. Each of the requirements must be met.

Currently, the Navy has a considerable supply of halon (in the "bank"), as allowed under regulation, and it
is projected that the bank is sufficient to protect existing ships and aircraft until their retirement from service.
New-design platforms will be protected by non-halon systems. Given the history of increasingly strict
environmental regulation, however, there is concern that pressure will build to destroy the existing halon bank
set aside for military uses in order to preclude its eventual release. While this possibility seems remote at the
present time, it is prudent for the Navy to prepare for such an outcome by identifying environmentally acceptable
alternative agents and investigating systems changes that will be required.

If it becomes necessary to use halon replacements in existing platforms, it will be desirable to have
identified alternative agents that can be used with minimal modification of existing hardware. Currently, there
are no known alternative agents that can be substituted for halon 1301 in existing equipment without
modification. There are, however, alternative agents that can be deployed in existing systems if
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INTRODUCTION 5

modifications, such as increased storage capacity, are made. Thus, although there is no known "drop-in"
replacement, there may be replacement agents available that can satisfy the Navy's requirements, including
acceptable cost of retrofit.

In addition to consideration of alternative agents for halons, other methods of fire suppression have been
examined in the context of shipboard and aircraft use. New methods (e.g. inert gas generators and advanced
water mist systems) appear promising for use in some situations now protected with halon.

Replacement of halons in Navy applications is a demanding task. Fortunately, there is an abundance of
active centers of research in relevant fields in the United States.

REFERENCES

1. J.W. Lyons, Fire, Scientific American Library, W.H. Freeman, New York (1985).

2. United Nations Environment Programme, Montreal Protocol on Substances That Deplete the Ozone Layer , Nairobi, Kenya (1987).
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2

Assessment of Research on Alternatives for Halon

The Montreal Protocol and its amendments have led to bans on the production of halogenated alkanes that
can cause depletion of stratospheric ozone. Thus the very effective fire- and explosion-suppression compounds,
the halons, are being phased out, as well as the chlorofluorocarbons (CFCs) so prevalently used in refrigeration
and cleaning systems. The use of halons as fire and explosion suppressants is well established, and their superior
performance in these applications is supported by a wealth of documentation dating from before 1950. A
comprehensive review of the existing literature is not attempted here, but the reader is referred to six reviews that
summarize this topic and that contain more than a thousand references directly relevant to halons.!>3436

The use of halons for fire suppression in military systems was the result of a study by the U.S. Army in the
late 1940s,” and no searches for new compounds had been conducted since then until the Montreal Protocol was
signed. The halon-based fire suppression systems first used in aircraft and ships were CCl, (halon 104) and then
CH;Br (halon 1001). A shortcoming of these original systems was their toxicity in manned spaces.

Research on halons has been actively pursued since the 1940s at least, and halons 1301 and 1211, which are
currently the most widely used total flooding and streaming agents, respectively, were selected from among a
wide variety of candidate agents based on the following criteria: demonstrated efficacy in suppressing
combustion, acceptable toxicological properties, availability in volume at acceptable cost, storage stability for at
least 5 years in any climate, materials compatibility, low electrical conductivity, and acceptable activity of the
compound or its combustion products (chemicals and/or particulates formed in the flame during extinguishment
that may be toxic, corrosive, or both) in terms of low residue and low corrosion of metals. These are the same
requirements that were noted in 1950 and 1951 in Air Force and Corps of Engineers documents.

Based on the suggestion by Molina and Rowland® in 1974 that the presence of chlorinated halocarbons in
the stratosphere may catalyze the destruction of stratospheric ozone, a new requirement was added, namely, that
any agent must have acceptable environmental characteristics as determined by ozone depletion potential (ODP).
Halons 1301 and 1211 both have a relatively high ODP, and domestic manufacture has been terminated.

The fire fighting community in general, and the U.S. Navy in particular, are interested in identifying
alternative fire suppression agents that are toxicologically and environmentally acceptable, that are as efficacious
as halons in suppressing fire, and that can be deployed in existing equipment designed for halons. This latter
requirement necessitates a close match between the physical properties of halon compounds and any alternative
agent that will replace them. The physical properties of an agent affect the mechanisms of dispersion and thus
can profoundly influence overall effectiveness. For example, halon 1301 is stored as a liquid under pressure (N»,
600 psi) but vaporizes upon release and is dispersed as a gas. Gas-phase dispersion is a key factor in its
effectiveness as a total flooding agent. Alternative agents with higher boiling points tend to be less effective
overall.’ The coexistence of liquid and gas in delivery lines complicates the dynamics of distribution, and
incomplete vaporization at the nozzle can greatly impede delivery of a total flooding agent to the flame source.

This chapter describes fire suppression models and the complex chemical and physical processes involved
in understanding fires and their extinguishment, outlines the chemistry of manufacture of alternative agents
currently proposed by industrial suppliers, and indicates the relative performance of commercially available
halon replacements. In addition, it discusses the importance of toxicological considerations in evaluating
chemical candidates for replacing halon and gives a brief overview of studies conducted to identify candidate
halon alternatives and further elucidate mechanisms. The chapter
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ASSESSMENT OF RESEARCH ON ALTERNATIVES FOR HALON 7

closes with the committee's findings regarding (1) the status of activities directed toward finding alternatives for
halon as a fire suppressant and (2) the potential for discovering an environmentally acceptable equivalent.

CHEMICAL AND PHYSICAL CONSIDERATIONS IN EVALUATING ALTERNATIVE FIRE
SUPPRESSION AGENTS

Several large chemical manufacturing concerns have invested heavily in the search for economically viable
halon replacements, although the compounds investigated tend to be related to existing commercial products or
their precursors. The National Institute of Standards and Technology (NIST) survey of candidate agents
encompasses a somewhat broader range of compounds,'® including compounds whose study will help reveal the
chemistry and physics of extinguishment.

Fire Suppression Models—Chemical and Physical Mechanisms

There are a number of ways in which a fire can be extinguished. The simplest introductory concept for
understanding the behavior of a fire is the fire triangle, which has three sides: fuel, oxygen, and heat. If any leg
of the triangle can be removed, the fire can be extinguished. Fires are categorized as being either flaming
combustion or smoldering. The former is predominantly a gas-phase phenomenon and is characterized by the
emission of visible and infrared (heat) radiation. The latter type of fire occurs when solids such as plastics burn,
and heterogeneous reactions at or near the surface are important. Flaming combustion, the primary target of
halon 1301, generates more heat and consequently is more dangerous in the short term. Smoldering often
generates more toxic gas emissions and can be more difficult to extinguish.

A fire can be extinguished by either physical or chemical mechanisms. Physical suppression mechanisms
involve removing at least one leg of the fire triangle. (1) By smothering or blanketing the fire, the fuel and air are
separated. An example of such a method is the use of foam extinguishers. (2) If the heat source is removed, the
fire can also be suppressed. Thus, methods that cool the flame are important extinguishing techniques. For
example, an agent with a high heat capacity can cool the flame by absorbing heat or can undergo a phase change
that also requires heat. The most important parameters are the heat capacity and/or the latent heat of
vaporization; experiments have shown that the thermal conductivity (how fast heat is transferred) is of lower
importance. (3) Mechanical means such as forcing a gas over the flame at high velocity can extinguish a fire by
separating the fuel and the air or the fuel and the heat. (4) For liquid or solid fuels, it is possible to place an agent
that absorbs thermal radiation between the surface of the fuel and the flame. This prevents the generation of
gaseous fuel and is known as flame radiation blockage.

It is also possible to have chemical suppression of a flame. This occurs when an agent or its degradation
products interfere with the chain reaction that is critical to sustaining combustion. When chain carriers in or near
the reaction zone are removed, the chains are disrupted and the fire cannot sustain itself.

It is possible to combine both physical and chemical effects in an agent, and in fact many of the best
suppressants operate by both mechanisms. It is difficult to separate out the physical and chemical aspects of
flame suppression. For example, an agent can remove heat by undergoing an endothermic decomposition
process. If the decomposition products are inert, this is considered to be a physical process. However, if the
products are reactive, then such products can contribute to a chemical suppression mechanism. The most likely
radical chain species to be removed by a reagent or its degradation products are atomic hydrogen and oxygen and
the OH radical.

There are three types of fuels for fires: gas, liquid, and solids. Gaseous fuels are the easiest to understand as
they can readily participate in chain reactions. For liquids, the fuel, in general, needs to be vaporized from the
liquid surface, and so the amount of fuel is determined by the rate of vaporization and the surface area of the
available liquid. However, because the flame generates heat that can affect the
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ASSESSMENT OF RESEARCH ON ALTERNATIVES FOR HALON 8

amount vaporized, there is a complex coupling between the flame and the fuel source. Solid fuels are the most
difficult to understand. The heat from the overhead flame (flame above the surface) is critical to generating the
gases needed for flaming combustion. In some cases, the solid fuel can melt, forming a liquid that can be
vaporized. In others, complex surface chemistry occurs, leading to the release of gaseous fuels that can feed the
flame as well as to changes on the surface such as charring, which can block the emission of radiation. As is
obvious from this brief discussion, there are complex flows that must be treated together with the chemistry if
one is to really understand flames and fires. In the simpler case, the flow is smooth or laminar, and the adjacent
layers of the fluid do not mix by mechanical means. If, however, there is random mixing of the fluids, a turbulent
flow has been generated. In general vortices will be generated over a wide range of spatial scales, leading to
complex mixing behavior that is not well understood.

In order to better understand how to design new fire suppression agents, it is necessary to understand some
basic concepts about combustion. Given a fuel, we can write down its reaction with oxygen and calculate how
much energy is released (the heat of combustion), providing we know the heats of formation of the reactants and
products. For a hydrocarbon, the reaction is usually written as

Fuel + 0, = H,O0+CO, . (1}

Given the heat of combustion and the composition of the reaction mixture, it is possible to calculate the
maximum or adiabatic flame temperature. The assumption that goes into this calculation is that all of the heat
goes into heating the product gases and any other gases that are present. This calculation requires knowing the
heat capacities of all of the gases. The heats of formation of all of the species are needed as well as the heat
capacities in order to calculate the temperature dependence of the heat of reaction. From the expression AG = -
RTInK where K is the desired equilibrium constant and AG is the free energy, one needs to know the free energy
of the process. From AG = AH - T AS, it is clear that one needs not only the enthalpy of the process (AH) but also
the entropy (AS) of the process. Again, the entropies are needed for all important species. The overall
equilibrium composition can then be calculated by an iterative procedure. Tables of thermodynamic properties
exist, and methods have been developed for computing missing information.'1%13.14

The reaction thermodynamics described above describe what happens at equilibrium but do not predict how
fast the system will reach equilibrium. In order to determine the speed of the process, kinetic information is
required. From the global reaction mechanism, we need to write down a reaction mechanism based on individual
reaction steps, each of which is a fundamental chemical process, a unimolecular, bimolecular, or termolecular
reaction. Then we have to determine the kinetics of each fundamental reaction step and use the rate constants to
solve for a global kinetic rate. This is a complex process because much of the required data is not known.
However, if the data are not available, methods exist for estimation.!>

The types of reactions important in the combustion process are based on radicals.!® If the chain reactions
have long chain lengths, then the flame can continue to exist. It is important to note that combustion
temperatures tend to be high, >800 K, so that generation of radicals is more important than loss due to
recombination. The first reactions in the chain are the initiation reactions that lead to the initial formation of
radicals. Most initiation reactions involve breaking a chemical bond and thus have high activation energies. They
tend to be slow even at flame temperatures. The chain propagation reactions consume fuel or oxidizer but do not
change the number of radicals; hence the chain continues. The chain may branch, leading to an increased number
of radicals and hence a higher global reaction rate. These reactions generally consume the oxidizer, in most cases
O,. As most of the fuels are molecules containing carbon and hydrogen, H is an important radical in the chain.
The most important branching reaction is

H+0,-»0H+O0, @
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which has an activation energy of 17 kcal/mol (due for the most part to the fact that it is an endothermic
process). Note that two radicals are produced for each radical consumed. Reactions of O atoms with fuel are
important, as two radicals are often produced for each O consumed. Termination reactions are those that reduce
the number of active radicals or lead to formation of less reactive radicals. Many of these reactions are
termolecular in nature, involving an unreactive third body such as N,, the predominant gas in the atmosphere,
and they increase in rate with decreasing temperature.

By understanding the reaction mechanism, it should be possible to design a reagent that can interfere with
the production of an important radical and hence reduce the chain length. For example, reaction (2) has a
competing reaction (3), which produces a less reactive radical where M is a third body,

H+0,+M —=HO,+M. (3)

At 1000 K, these reactions have comparable rates, and at lower temperatures, the three-body process
dominates. If H atoms are removed and the temperature can be lowered, the chains will be shorter.

The effects of thermochemistry and kinetics can be combined as the concept of thermal balance. If the
flame is to continue, the energy released by the combustion process must keep the temperature high enough so
that branching reactions dominate over termination reactions.

With the advent of modem high-performance computers and advanced software, it is now possible to model
some of the characteristics of flames that are extremely difficult to measure.!” Thus computational models have
been developed to describe both the flame and the suppressant. The first types of models are those that describe
how the agent is released. The agent must be vaporized and dispersed quickly throughout the region where the
fire is occurring. The models that have been developed include the design of the holding vessel for the
suppressant and most importantly the design of the exit orifice and the flow across it. This allows one to also
include the use of pressurizing agents such as N,. One can then measure the agent discharge to validate the
model. Furthermore, by using modem computational fluid dynamics codes, it is also possible to use models to
look at how the gas flows over a complicated interior space such as that in an engine room. Work has also been
done to model simple flames, including transport and important chemical reactions. An important advance has
been to use chemical reactor models such as plug flow and continuous stirred tank reactor models to predict the
efficiency of suppressants. These provide good initial estimates of the chemical efficacy of a suppressant. The
whole area of the modeling of reactive chemical transport is growing, and it should be possible within a few
years to perform quite accurate simulations of simple flames and suppressants, given the required input data.
However, it is still quite difficult to model turbulent flows and complex kinetics, and such studies will require at
least teraflop computers and the design of new computational methods for treating turbulence. Studies of this
type are important so that the significant investments being made in other areas of research can be leveraged to
provide the information needed to design new suppressants. The models can also be used to predict
concentrations of harmful by-products such as hydrofluoric acid.

As noted above, one needs to have a wide variety of thermodynamic data for designing new suppressants,
especially if one is looking for chain inhibitors. It is time consuming and expensive to measure the needed
thermodynamic properties if they are not known, especially for radicals. As one looks at a new agent whose
thermochemistry is not known, one needs to either estimate or calculate its properties.'® Estimation methods are
showing dramatic improvements as the available databases expand. However, it is often easier to calculate
thermochemical properties from ab initio quantum chemical methods than it is to measure them. Given a
molecular structure, one can calculate absolute heats of formation either rigorously, with simple empirical
corrections, or from idealized reactions based on known thermochemical properties. The accuracy of the results
can usually be fine-tuned depending on the cost of the calculation, but it is often possible to predict heats of
formation to within +2 kcal/mol. It is just as straightforward to do this for radicals as for stable species. It is even
easier to calculate the heat capacities (Cp) and entropies, as the geometries and vibrational spectra of the species
need to be

Copyright © National Academy of Sciences. All rights reserved.
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ASSESSMENT OF RESEARCH ON ALTERNATIVES FOR HALON 10

calculated to predict heats of formation. Statistical mechanics can then be used to provide C, and AS as a
function of temperature. Thus the global thermochemistry for a given mechanism can be predicted.!”

Kinetic measurements can be made accurately, but these can be quite difficult and time consuming.
Furthermore, it is often difficult to measure rates involving complex radicals or reactions that are very slow. It is
also possible to calculate the rate constants from ab initio quantum chemistry and kinetic theories such as
transition state theory or unimolecular rate theories. Such calculations are more difficult than the thermochemical
ones, but the calculated results can often be scaled to known experimental results to extend the measured data. It
is still difficult to predict rate constants to better than a factor of about five, although for simple cases much
higher accuracy has been obtained.?%?!

Halons suppress fires by both physical and chemical mechanisms. With halons, the bromine atoms are
critical to disrupting the radical chains. Other agents that release halogens can have the same effect. Chlorine
radicals are less effective than bromine at flame suppression, whereas iodine radicals are more effective.
Unfortunately, the same halogen atoms (bromine, chlorine, and iodine) that contribute to the effectiveness of
halogenated compounds, including halons, as fire suppression agents also contribute to their ozone-depleting
potential. Alternative agents that do not contain halogens other than fluorine tend to be physical action agents
only and therefore are generally less effective than halons.

Alternative agents that contain iodine tend to be readily tropodegradable; that is, they react in the lower
atmosphere through photolysis or some other mechanism to produce stable compounds that will not deliver
iodine radicals to the stratosphere. These compounds, while retaining the effective chemical mechanism of fire
suppression common to halons, tend to be either unstable with respect to storage and material compatibility, or
toxic, or both.

There is prior work for some suppressants in terms of their fire extinguishing mechanisms. These include
the perfluorocarbons FC-116 (C,F¢), FC-218 (CsFg), and FC-3-1 (C4F;(); the hydrofluorocarbons HFC-125
(CHF,CF;), HFC-227 (CF;CHFCF;), HFC-318 (CF;CHFCHFCF;), HFC-3110, HFC-32/125, HFC-134a
(CH,FCFj3), and HFC-236fa (CF3CH,CFy); the hydrochlorofluorocarbons HCFC-22 (CHF,Cl) and HCFC-124
(CHCIFCF;3), and CF;l. None of these is as good a suppressant as halon 1301 in all respects. Measured or
calculated data on C; and C, HFCs has been used in extensive predictions about the behavior of such compounds
as suppressants. Compounds predicted from the modeling search to be possible candidates for replacing halons
include CF,HCI1 (HCFC-22), CF,=CCIF, CF,=CFCF;, CF,=CFBr, CF ,=CHBr, CF;l, SiF,, and NF;.

As discussed above, fire suppression agents act through both physical and chemical mechanisms. Physical
action can extinguish flames by dilution and by providing a heat sink. Chemical action follows from interaction
of the agent with the chemistry of the flame. Huggett?? found empirically that liquid fuels would not bum if the
heat capacity of the mixture exceeded about 50 cal/deg per mole O,. Thus, a crude measure of the concentration
of agent necessary to extinguish a flame by physical effects alone can be estimated by calculating the
concentration that will raise the heat capacity of the surrounding atmosphere to this level. Table 2.1?* gives the
result of this calculation for several agents of interest. The difference between the observed extinguishment
concentration and the calculated concentration is interpreted as a measure of the chemical effect.

Sheinson and coworkers?* have carried through a more sophisticated analysis along these lines and have
been able to measure the physical and chemical contributions to fire suppression for various agents. For example,
for CF;Br the effect is 20% physical, 25% chemical owing to CF3, and 55% chemical owing to Br. For CF;Cl, a
less effective agent, the effect is 40% physical, 50% chemical owing to CF3, and 10% chemical owing to Cl. CF,
has a physical effect comparable to that of the other substituted methanes, but no chemical effect owing to the
strength of the CF bond.

Copyright © National Academy of Sciences. All rights reserved.
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ASSESSMENT OF RESEARCH ON ALTERNATIVES FOR HALON 11

Table 2.1 Concentration of Agent Needed for Physical Extinguishment

Halocarbon Number Chemical Formula Concentration for Extinguishment Difference
(calculated) (observed) (calc. - obs.)

H-1301 CF;Br 17.6 29 14.7
IFC-1311 CF;l — 3.0 —
HCF-23 CF;H 23.0 12.6 10.4
HCFC-22 CF,HCI 21.3 11.6 9.7
HCFC-124 CF;-CHCIF 13.5 6.7 6.8
PFC-14 CF, 20.0 13.8 6.2
HFC-236fa CF;-CH,-CF; 11.1 5.6 55
HCFC-123 CF;CHCl, 12.9 7.5 54
PFC-116 CF;-CF; 12.5 7.8 4.7
HFC-125 CF;-CHF, 13.8 9.4 4.4
HFC-227ea CF;-CFH-CF; 10.3 6.3 4.0
PFC-218 CF;-CF,-CF; 9.7 6.1 3.6
HFC-134a CF;-CFH, 14.1 10.5 3.6
PFC-3-1-10 CF;-CF,-CF,-CF; 7.4 5.0 24

Manufacturability of Commercially Available Halocarbon Fire Suppression Agents

The manufacture of halon replacements is typically more complex than the manufacture of halons
themselves. The chemical attribute that generally renders halon-like replacements easily degradable in the lower
atmosphere, the hydrogen atom substituent, complicates the manufacturing process because it enables parasitic
processes such as formation of significant by-products or the inactivation of catalysts used in production.
Synthesis of halocarbon replacement agents often requires the use of toxic, corrosive, or otherwise difficult-to-
handle precursor materials as well as severe reactor conditions. Nonetheless, economies of scale allow many of
these compounds to be offered at reasonable prices, and several agents are already commercially available in
quantity. Other proposed alternatives are available only in small quantities and at significantly higher prices and
are thus classified as specialty chemicals. If one of these agents were to be widely adopted, it is possible that
increased demand would stimulate production and lead to greater availability at lower cost.

Tables 2.2 and 2.3 list commercially available halocarbon replacements for halons in total flooding and
streaming applications, respectively. The toxicological and environmental properties of the listed compounds
have been well characterized.

Copyright © National Academy of Sciences. All rights reserved.
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Table 2.2 Commercially Available Replacement Agents for Total Flooding Applications

Halocarbon Number Chemical Formula Supplier Designation

PFC-218 CF;-CF,-CF; 3M CEA-308™

PFC-3-1-10 CF;-CF,-CF,-CF; 3M CEA-410™

HFC-23 CF;H DuPont FE-13™

HCFC-125 CF;-CHF, DuPont FE-25™

HFC-227ea CF;-CFH-CF; Great Lakes Chemical FM-200™
HFC-236fa CF;-CH,-CF; DuPont FE-36™

HCFC-124 CF;-CHCIF DuPont FE-241™

HCFC Blend A, a blend of: North American Fire Guardian NAF-S-II
HCFC-22 CF,HCl

HCFC-123 CF;CHC(l,

HCFC-124 CF;CHCIF

IFC-1311 CF;l Pacific Science Triode™

Table 2.3 Commercially Available Replacement Agents for Streaming Applications

Halocarbon Number Chemical Formula  Supplier Designation
PFC-5-1-14 CF;-(CF,),- CF3 3M CEA-614™

HFC-227ea CF;-CFH-CF; Great Lakes Chemical FM-200™
HFC-236fa CF;-CH,-CF; DuPont FE-36™

HCFC-123 CF;CHCl, DuPont FE-232™

HCFC-124 CF;CHCIF DuPont FE-241™

HCFC Blend B, which is primarily HCFC-123 American Pacific Halotron™
(see above)

HCFC Blend C, a blend of: North American Fire Guardian NAF-P-III™
HCFC-134a CF;CH,F

HCFC-123 CF;CHCl,

HCFC-124 CF;CHCIF

IFC-1311 CF;l Pacific Science Triode™

None of the agents listed in Tables 2.2 and 2.3 contain bromine, which is the chemically active species in
halons. However, there is some evidence to suggest that the agents listed do effect some degree of chemical
suppression. This could be owing to the production of CF; radicals, which may serve to chemically inhibit
combustion.?
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Synthesis of Alternative Fire Suppression Agents

This section describes the known routes of commercial manufacture of the agents of interest as
replacements for halon. The synthesis of these agents requires the safe handling of exceedingly hazardous and
toxic materials and intermediates. High pressures and temperatures are also required for synthesis, thus adding to
the hazard. Exotic alloys must be used in the contraction of reactor vessels, because more common and less
expensive materials, such as stainless steel, are subject to unacceptably high corrosion rates.

HCFC-22 (CF,HCl) and HFC-23 (CF;H) are both produced from chloroform by a stepwise halogen
exchange reaction. This process is typically carried out in the liquid phase utilizing a Lewis acid catalyst and
hydrogen fluoride as the fluorine source.?®

CHCl, + HF — CHFCl, + HC (1)
CHFCl, + HF - CHFCl + HC 2)
CHF,CI + HF — CHF, + H( (3)

HCFC-123 (CF;CHCl,) can be produced commercially in at least three ways. Perchloroethylene is reacted
with excess hydrogen fluoride in the presence of a Lewis acid catalyst to produce HCFC-123 directly,?’
equation (4). Alternatively, CFC-113a (CF;CCly) can be hydrodechlorinated in the presence of hydrogen and a
noble-metal catalyst,”® equation (5). The third choice is to selectively chlorinate HCFC-133a (CF;CH,Cl) with
elemental chlorine in the presence of a metal salt catalyst,?° equation (6).

CClL=CCl, + 3HF  (catalyst) » CF,CHCI, +  2HCI (4)
CF,CCl, + H; (catalyst) —»  CF,CHCL, + HCIl (5)
CF,CH,Cl + Cl, (catalyst) » CF,CHCl, + HCI (6)

HCFC-124 (CF;CHCIF) and HFC-125 (CF;CHF,) can be co-produced using HCFC-123 (CF;CHCl,) as the
starting material.>® In this vapor-phase process, excess hydrogen fluoride and HCFC-123 are passed over a
transition metal halide or oxide catalyst at elevated temperatures, equation (7). If HCFC-124 is not desired,
HCFC-125 can be made the sole product by increasing the temperature above 300°C and increasing the HF to
HCFC-123 mole ratio in the feed stream,?! equation (8).

CF,CHCl, + xsHF (catalysty > CF,CHFCI + HCI (7

CF,CHCl, + xsHF (catalys) > CF,CHF, + 2HCI (8)

HFC-227ea (CF;CFHCF;) is produced in a three-step process beginning with HCFC-22 (CF,HCI).3? In the
first step, HCFC-22 is pyrolized to produce tetrafluoroethylene and hydrogen chloride, equation (9). The
tetrafluoroethylene is then pyrolized to hexafluoropropylene,’® equation (10). Finally, hydrogen fluoride is
added to yield HFC-227ea,** equation (11).

CF,HCl + CF,HCI (heat) > CF,=CF, + 2HCI 9
CF2:CF2 + CF:ZCFz {hc-at] —> CF1=CFCF3 {I'[]}
CF,=CFCF, + HF (catalyst) > CF,CFHCF, (1)

Copyright © National Academy of Sciences. All rights reserved.
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HFC-236fa (CF;CH,CF;) can be produced by at least three different processes. The first process, described
by equations (12) and (13), involves two steps.® In the first step, perchloropropylene is reacted with hydrogen
fluoride to produce CFC-216aa (CF;CCl,CF;) and HCFC-226da (CF;CHCICF;). These intermediates are then
hydrodechlorinated to produce HFC-236fa in the second step.

CelL=CCICCl, + HF — CECCLCF, +  CF,CHCICF, (12)
CF;CC-IJE:FQ, and/or CF;CHC“:F:; + H;_ — CF;CH1CF3 {13}

The second process®® also involves two steps, equations (14) and (15). In the first step, vinylene chloride is
condensed with carbon tetrachloride to yield HCC-230fa (CCl;CH,CClz). HCC-230fa is then treated with
hydrogen fluoride in the liquid phase in the presence of a Lewis acid catalyst to give HFC-236fa. Alternatively,
this step can be performed in the vapor phase.?’

CClL=CCl, + CCl;, — CCLCH,CClL (14)
CCl,CH,CCl; + HF —=  CF;CH,CF, (15)
HFC-236fa can also be produced from perfluoroisobutylene methyl ether, equation (16).

(CF,),C=CF-O-CH, — CF,CH,CF, + CO, + CH,0H (16)

Perfluorocarbons are commercially produced by two different process technologies. In the first process,
equation (17), a hydrocarbon is passed over a hot, agitated bed of cobalt trifluoride where it is convened to the
desired perfluorocarbon. The cobalt trifluoride is convened into cobalt difluoride during the process and is
regenerated in a separate treatment with elemental fluorine.®

CnH2n+2 + {:DFJ (SSHGC} =2 CnF1n+2 [17}

The second perfluorocarbon process involves electrochemical fluorination, i.e., the electrolysis of
hydrocarbons in anhydrous hydrogen fluoride, known as the Simmons process.? Nickel anodes and nickel or
steel cathodes are used. This method is limited to starting materials that have appreciable solubility in hydrogen
fluoride. For volatile materials with little solubility in hydrogen fluoride, a complementary method that uses
porous carbon anodes and a (KF),HF electrolyte has been developed that is known as the Phillips process.*’

IFC-1311 (CF5I) can be conveniently produced on the laboratory scale*! by heating the silver salt of
trifluoroacetic acid in the presence of elemental iodine. In principle, heating trifluoroacetyl chloride in the
presence of potassium iodide,*> equation (18), represents an industrially viable route to obtaining IFC-1311.

CF,COCI + KI (hea)= CF] + KCl + CO (18)

In all of the chemistry described above, many of the materials are toxic or corrosive or both. Handling and
reaction on a commercial scale are therefore generally expensive. The manufacture of these materials would not
be undertaken without the promise of financial reward.

Copyright © National Academy of Sciences. All rights reserved.
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Table 2.4 Relative Performance of Commercially Available Halon-Like Replacement Agents Compared to Halon 1301
CFC Number

Chemical Formula Extinguishment (volume % required)

H-1301 CF3Br 35
IFC-1311 CF;l 3.0
PFC-3-1-10 CF;-CF,-CF,-CF; 5.0
HFC-236fa CF;-CH,-CF,3 54
PFC-218 CF;-CF,- CF; 5.6
HFC-227ea CF;-CFH-CF; 6.3
HCFC-124 CF5-CHCIF 7.0
HCFC-123 CF;CHCl, 75
PFC-116 CF;-CF, 7.7
HCFC-123 a CF;-CHCl, 8.1
HFC-125 CF;-CHF, 9.1
HFC-236ea CF;-CH,-CF; 10.2
HFC-134a CF;-CFH, 10.5
HCFC-22 CF,-HCl 12.7
HCF-23 CEH 13.0
PFC-14 CF, 18.2

SOURCE: The DuPont Company.

Effectiveness of Alternative Commercially Available Fire Suppression Agents

The various agents discussed above have been evaluated using a standard cup burner test with n-heptane
fuel.*3 Table 2.4 shows the results for those agents and others, ranked in order of performance, where
performance is based on the volume fraction required to extinguish the flame—the most effective agent is that
which requires the lowest volume for extinguishment. Halon 1301 is included for comparison. Agents are also
compared on a per mole and per weight basis normalized to halon 1301.

TOXICOLOGY ISSUES

Toxicology is a key aspect of the effort to identify suitable halon replacements. Although the Navy
evacuates personnel from spaces to be flooded with halon 1301, there is always the possibility of accidental
discharge, and the hazard must be carefully assessed. The toxicology of halon alternatives has been studied, and
protocols for agent testing and use have been delineated.

In evaluating the toxicology of chemical candidates for replacing halons as fire suppressants, the key
consideration is that potential exposures, although infrequent, will possibly be at high levels. The population
exposed will be under stress and possibly engaging in a high level of physical activity. If effects are seen in
studies focusing on brief, high-level exposures, additional follow-up studies may be

Copyright © National Academy of Sciences. All rights reserved.
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desirable to further characterize and understand them. In addition, some consideration should be given to
carcinogenic potential.

The initial study of a candidate replacement for halon should be an acute inhalation toxicity study. The
study should be robust enough to define the dose response curve as well as the median lethal concentration.
Typically, these studies involve single exposures to groups of five male and five female rats for a period of 4
hours. Mice can also be used and can be the species of choice when the substance being tested is in short supply.
Although 4 hours is a long period of time relative to the brief exposure (typically 1 to 2 minutes) expected under
conditions of actual use, this time period has become a comparative standard and allows for selection of
substances based on a common protocol. Should lethality be a concern, an additional study for a shorter time
period could subsequently be conducted. Recently, more attention has been given to predicting the effects of
brief exposures to suppressants, and protocols have been developed that include exposure periods of 1 hour, 30
minutes, and even 10 minutes. Information on exposure for brief periods is being used by the U.S. EPA-
sponsored Federal Advisory Committee on Acute Exposure Guidance levels,** and more information on the
effects of brief exposures will likely be available from future studies.

In addition to observations for lethality, detailed clinical observations of test animals should be conducted
during and after exposure. It is common to observe animals at hourly intervals during and immediately after
exposure, and then daily for the remainder of a study, to allow determination of other effects such as central
nervous system depression (many of the chemicals used as fire suppressants are anesthetics); neurotoxic effects,
such as development of convulsions or impaired movement; or irritation of the eyes or respiratory system.
Surviving test animals are held for 2 weeks for observation of postexposure effects and recovery. Body weights
are measured frequently and can be sensitive indicators of an adverse response to exposure. Some key organs,
such as the lungs, kidney, liver, testes, and heart, may be weighed and examined microscopically for abnormal
changes, although such examination rarely produces useful information because test animals tend to recover
during the 14-day observation period.

If only minimal effects of exposure are seen in test animals, the next phase of testing can be initiated. If the
compound being tested shows marked toxicity, it may be eliminated from consideration as a flame suppressant in
occupied areas. If the substance exhibits intermediate toxicity, additional testing may be warranted. If the
chemical at relatively low levels induces sleep (central nervous system depression), it may be desirable to
evaluate it for anesthetic potential to determine if its use could create a hazard by reducing the alertness of
people exposed to it. If signs of neurotoxicity, such as impaired movement or convulsions, are seen, a study
designed to look at those endpoints may be indicated. A basic protocol has been developed by the Organisation
for Economic Cooperation and Development 43 and can be used as a reference point. In this application it may be
desirable to add some of the parameters described above.

Information on a candidate substance's potential to cause skin*® and eye irritation*’ may also be valuable for
use in protecting maintenance personnel and those other individuals going into an area after discharge of a fire
suppressant and coming into contact with walls, furniture, and other items that have been contaminated.

Many of the chemicals used as flame suppressants have the potential to sensitize the heart to the effects of
adrenaline. A protocol for evaluating this endpoint has been developed*® and was reviewed recently by the
National Research Council's Committee on Toxicology. This is a sensitive test because administration of
adrenaline by injection increases blood levels well above those seen under conditions of stress.*>" If a response
is seen at a concentration lower than one that could be encountered following discharge of a flame suppressant,
this effect should be carefully considered. While there has been extensive discussion about the most appropriate
method for extrapolation of this data for use in human

* Briefly, in this study, dogs were exposed to the test compound at a set exposure level for a period of 5 minutes, during
which time the blood level of the chemical approached near-equilibration levels. The test dogs were then given an injection of
adrenaline at a level just below that necessary to cause a cardiac arrhythmia (a rapid, irregular, potentially fatal heart beat).
Each dog's EKG pattern was continuously measured during this procedure. The appearance of a response to the adrenaline
injection was taken as a positive response.

Copyright © National Academy of Sciences. All rights reserved.
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risk assessment, in fact, estimates of exposures associated with the development of cardiac arrhythmias in
humans have always been much higher than the threshold seen in dogs. This has led to a direct application of the
no-effect levels observed in these dog studies to human risk assessments. In the example above with halon 1301,
the recently reported no-effect levels are 75,000 to 100,000 ppm in two dog studies. Comparing this to the
projected levels for flooding at 50,000 to 70,000 ppm indicates that the application levels are appropriate for use
in an occupied area.

It is desirable to conduct a multiple-exposure study to determine what effects may result from repeated low-
level exposures to fire extinguishing agents, such as are encountered in the workplace or during maintenance
operations, especially if indications of toxicity were seen at exposure levels approaching those that might be
encountered under actual discharge or use conditions. Either a 4-week®® or 13-week>! exposure period would be
appropriate. The 13-week design may be more desirable if frequent exposures are anticipated. Such a study
normally involves a series of daily 6-hour exposures for either 5 or 7 days per week using four groups of 10 male
and 10 female rats in each group. Recovery groups of five animals per sex may be included. These animals are
held for 2 weeks following the final exposure to assess the animal's potential to recover from the effects of
exposure. During the study, in addition to measurements of body weight and clinical observations, complete
blood counts and serum chemistry analysis are conducted. At the end, the animals are sacrificed and all major
organs are examined for effects of the exposure. If a recovery group has been included, the same parameters are
also evaluated for this group.

When there is the possibility of pregnant women being exposed repeatedly to a chemical agent for fire
suppression, it would be desirable to conduct a developmental toxicity study.”? Information on the potential of a
chemical agent to cause either birth defects or developmental toxicity can be obtained from an inhalation
developmental toxicity study. In this type of study, pregnant animals, usually rats, mice, or rabbits, are exposed
to the chemical during the organ-development phase of pregnancy. At the end of the pregnancy the offspring are
evaluated for abnormalities that could have been caused by the mother's exposure to the chemical. The most
critical findings would be frank birth defects; however, other effects such as birth weight are also evaluated. A
single species, either the rat or mouse, should provide adequate information. In the event of a positive finding, a
second study, with rabbits, should be considered. The results from these studies, along with an estimate of
potential exposure levels, should be considered in determining the potential risk to pregnant women exposed to
chemical fire suppressants during maintenance or other procedures and in area discharges.

Mutagenicity is the last element that should be considered in evaluating the toxicology of candidate
replacements for halon. Although a carcinogenic study would not be a part of an evaluation program, conducting
a few studies to evaluate mutagenic potential would aid in our understanding of carcinogenic potential. Two that
are particularly useful are the Ames assay and the human lymphocyte chromosome aberration assay. Both are
run with cell cultures. In the Ames assay, bacteria are exposed to a test chemical and their potential to revert to a
form capable of growing in a medium lacking a normally essential nutrient is evaluated. For this change to occur,
the bacteria must mutate. In the second assay, the direct effect of exposure to a chemical on the chromosomes in
a human cell line is evaluated using a microscope. Breaks in the chromosomes are positive indicators. Other
genetic studies, including those involving whole animals, such as the micronucleus assay, may be considered for
special programs.

While other specialized studies involving metabolism, uptake, and pharmacokinetics may be indicated from
time to time based on preliminary results, their selection would be compound specific. These studies are usually
conducted when the levels of concern from one or more of the toxicology studies are near the potential human
exposure level. They answer questions such as whether a test animal metabolizes a chemical in the same way as
a human does, and whether the dose of a chemical actually reaching an organ system of concern would be higher
or lower in a human compared with a test animal exposed at the same airborne level. The results from such
studies allow for a more precise assessment of risk for humans exposed to particular chemical compounds.
Generally, a program looking

Copyright © National Academy of Sciences. All rights reserved.
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at acute inhalation toxicity, cardiac sensitization, potential developmental toxicity, and possibly the effects of
repeat exposure, along with a limited genetics screen, should be adequate to characterize the toxicity of potential
substitute flame suppressant materials. Table 2.5 lists several results of such toxicology studies for some of the
compounds of interest.

Table 2.5 Summary of Selected Toxicity Data for Possible Halon Substitutes

4-hr LCs, (ppm) Developmental Toxicity Genetic Assays
Substitute Ames Chromosome Aberration
HCFC-222 >200,000 50,000 Possible slight effect rat— Not active  Not active
50,000
No effect rabbit—50,000
HCFC-123b 32,000 20,000 No adverse effects rat and Not active  Positive (not active, 5
rabbit other genetic assays)
HCFC-124¢ >360,000 25,000 No adverse effects rat and Not active  Not active
rabbit
HFC-125¢ >800,000 75,000 No adverse effects rat and Not active  Not active
rabbit
HFC-134a° >500,000 80,000 No adverse effects rat and Not active  Not active
rabbit
HFC-227ea®  >800,000 100,000  No adverse effects rat and Not active  Not active
rabbit
HFC-236fa¢  >457,000 150,000  No adverse effects rat and Not active  Not active
rabbit

2 HCFC-22. Joint Assessment of Commodity Chemicals No. 9 Chlorodifluoromethane. European Centre for Ecotoxicology and
Toxicology of Chemicals, Brussels, Belgium (October, 1989).

b HCFC-123. Joint Assessment of Commodity Chemicals No. 33 1, 1-Dichloro-2,2,2-trifluoroethane. European Centre for Ecotoxicology
and Toxicology of Chemicals, Brussels, Belgium (February 1996).

¢ HCFC-124. Joint Assessment of Commodity Chemicals No. 25 1-Chloro-1,2,2,2-tetrafluoroethane. European Centre for Ecotoxicology
and Toxicology of Chemicals, Brussels, Belgium (July 1994).

4 HCFC-125. Joint Assessment of Commodity Chemicals No. 24 Pentafluoroethane. European Centre for Ecotoxicology and Toxicology
of Chemicals, Brussels, Belgium (May 1994).

¢ HFC 134a. Joint Assessment of Commodity Chemicals No. 31 1, 1,2-Tetrafluoroethane. European Centre for Ecotoxicology and
Toxicology of Chemicals, Brussels, Belgium (February 1995).

f Personal communication from Great Lakes Chemical Corp., One Great Lakes Blvd., W. Lafayette, IN 47906.

g Toxicologic Profile of the Alternative Refrigerant, HFC-236FA, R. Valentine, D.A. Keller, et al. The Toxicologist, No. 30 1, 2,
Abstract 1489 (March 1996).

On exposure to flames, halons and halocarbon alternatives react to yield toxic chemicals. CO and CO, are
present in fire atmospheres generally, but halocarbons produce HF, HCI, HBr, and COF,. These chemicals are
produced during extinguishment with halon 1301, but in much smaller quantities. The amounts of these
dangerous compounds can be minimized by reducing the time to extinguish the fire, increasing the amount of
agent employed, and discharging the agent rapidly into the fire volume. The importance of this source of toxicity
depends on cool-down time before reentry of the affected space. Design in this connection will be agent and
practice specific.’3>

Copyright © National Academy of Sciences. All rights reserved.
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BRIEF OVERVIEW OF STUDIES ON HALON SUBSTITUTES AND MECHANISMS

In 1986, the U.S. Air Force recognized the potential for regulation of halons and initiated a program to
identify halon replacements. This program demonstrated that halon replacements with decreased or zero ODP
could be obtained by (1) eliminating bromine and (2) substituting hydrogen for fluorine to decrease atmospheric
lifetime.> The Air Force program identified HCFCs, HFCs, and PFCs as the most likely near-term replacements.

The National Institute of Standards and Technology (NIST) issued a report in 1990 whose objective was to
initiate a systematic search for halon replacements’® This report is firmly grounded in the science and
technology of combustion and current understanding of the role of halogenated compounds in ozone depletion in
the stratosphere. The centerpiece of the publication is a list of 103 chemicals "covering a range of chemical and
physical principles thought to affect flame suppression capability." The list includes saturated halocarbons,
halogenated ketones, esters and anhydrides, unsaturated halocarbons, halogenated ethers, sulfur halides,
compounds containing phosphorus, silicon, germanium and metals, and inert gases. The list contains both
candidate halon replacement agents and compounds chosen to test principles of fire suppression. While the NIST
list is not claimed to be exhaustively inclusive, it is sufficiently extensive to suggest that the most obvious
classes of alternative agents are included. The list includes most of the commercially available agents listed in
Tables 2.2 and 2.3, omitting HFC-227ea and HFC-236fa. These compounds were later considered by NIST for
aircraft nacelle and dry bay applications.>”->

Flame suppressants that do not endanger the ozone layer either do not contain the heavy halogens (chlorine,
bromine, or iodine) or have atmospheric lives so short that they do not reach the stratosphere. Perfluorocarbons
satisfy the first condition but do not offer chemical flame suppression activity and are somewhat less effective in
extinguishing fires. Compounds that contain the heavy halogens but are destroyed before they reach the
stratosphere are of special interest as halon replacement agents. Substitution of H for a halogen, increasing the
dipole moment, and shifting the absorption toward the red are strategies pursued in the NIST list, including
compounds containing hydride, ketone, ester, anhydride, and double or triple bonds.

In connection with halon 1301 replacement agents, only a limited number of compounds have matching
physical properties, i.e., are storable as a liquid at normal ambient temperatures, but have a high vapor pressure
and so evaporate rapidly on discharge. Of the 103 compounds listed by NIST, only 31 have boiling points below
0°C (the b.p. for halon 1301 is -68°C), and some of these are toxic or have interest only for determining
mechanisms. A low boiling point and high vapor pressure strongly indicate compounds of low molecular weight
and/or high fluorine content. The point is that the number of candidate halocarbon halon replacement agents is
not very large.

Tapscott and coworkers>® are testing various classes of compounds as candidates for total-flooding fire
suppression, including brominated fluoro ethers, alkenes and aromatics, amines, and carbonyls, as well as
phosphorus and silicon compounds. Some of these materials have good fire suppression characteristics, but
satisfactory performance in terms of toxicity, materials compatibility, and other properties remains to be proved.

FINDINGS

FINDING: After reviewing research, development, toxicology, and engineering activities directed toward
finding alternative and replacement agents for halon 1301 and halon 1211, the committee finds that in this
context, the relevant aspects of the problem are being studied effectively and a comprehensive body of scientific
and engineering knowledge is being developed, and the committee has identified no obvious gaps in these
important efforts.

FINDING: It is unlikely that a drop-in replacement agent will be discovered that will exhibit all of the
beneficial properties of halon 1301 and not also exhibit a significant environmental impact .

Copyright © National Academy of Sciences. All rights reserved.
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3

Atmospheric Chemistry and Evaluation of Environmental
Effects of Fire Suppressants

Laboratory studies, atmospheric measurements, and numerical models of the atmosphere have provided
important evidence for the significant effects of chlorine and bromine on stratospheric ozone in the last few
decades and have confirmed the role of bromine-containing halons in ozone depletion. This chapter examines
compounds being considered as replacements for halon and the approaches being used to evaluate their potential
effects on Earth's stratospheric ozone and climate, including their contribution to radiative forcing—the
greenhouse effect—and other possible environmental impacts. The chapter's opening section briefly describes
how researchers came to learn of the link between release of man-made chlorine- and bromine-containing
compounds and depletion of ozone.

REDUCTION OF OZONE—MECHANISMS AND EFFECTS

Earth's atmosphere is made up of regions, classified by the vertical trends in temperature (Figure 3.1). The
stratosphere, where most of the atmospheric ozone resides (see Box 3.1), extends from ~10 to 50 km above the
surface. Stratospheric ozone is important because it absorbs much of the intense ultraviolet (UV) radiation from
the sun, dissociating into O, and O. The O, and O recombine to form ozone, which can then absorb more
radiation. When it is absorbed by cells, UV radiation can lead to cellular damage, which can be manifested
directly as cancer, for example, or as DNA damage that is transferred to later generations.

Mesosphere

U'visible sunlight

Stratosphere

Mi. Everast

=9 km
(5.5 miles) : * € gm

5 miles}

Infrare
radiation

-8-12km |

(5.5=7.5 miles)
Figure 3.1
Regions of Earth's atmosphere. Roughly 90% of the ozone is in the stratosphere, with most of the rest in the
troposphere.
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BOX 3.1 HOW MUCH OZONE IS THERE IN THE STRATOSPHERE?

If all the ozone in the atmosphere were brought down to sea level, it would be merely 2.5 to 4.5 mm
thick. However, this amount of ozone can absorb most of the harmful UV radiation entering Earth's
atmosphere. Atmospheric scientists use the Dobson Unit (DU) to measure the amount of ozone overhead,
i.e., from the ground to outside the atmosphere. 1 DU is equal to 1 millicentimeter of ozone at sea-level
pressure (0°C). So, in general, the amount of column ozone is between 250 and 450 DU. In Antarctica, the
ozone column has been measured to be as low as 125 DU, i.e., a reduction of ozone by a factor of two or
three.

The potential for ozone depletion in the stratosphere became an important topic when the first commercial
supersonic transport aircraft were proposed in the late 1960s.! At that time, scientists noted that nitrogen oxide
(NO,) emissions from engine exhaust associated with aircraft operating in the stratosphere could be involved in a
catalytic cycle leading to ozone loss.” This realization helped lead to the U.S. withdrawal from this potential
market. In 1974, Rowland and Molina® proposed that chlorofluorocarbons (CFCs) emitted by human activities at
Earth's surface could pass though the troposphere to the stratosphere. In the stratosphere, UV radiation from the
sun is absorbed by the C-Cl bonds in CFCs, leading to rupture of the bonds and liberation of CI atoms. The Cl
atoms can participate in a catalytic cycle that leads to conversion of ozone to oxygen molecules. Later laboratory
studies showed that bromine and iodine atoms also participate in similar reactions and can also affect ozone.*
The recognition that anthropogenic emissions of gas could lead to destruction of ozone in the stratosphere led to
the Nobel Prize in chemistry being awarded in 1995 to P. Crutzen, M. Molina, and F.S. Rowland.

Although the amounts of CFCs and halons released into the atmosphere are small in terms of the total
amount of gas there, they have a great impact on the global ozone balance for three reasons: (1) Ozone is in a
constant state of "flux"—it is made and destroyed by natural processes that define a delicate balance (Box 3.2).
(2) The production of ozone is controlled by solar input that does not undergo dramatic fluctuations. Removal of
ozone from the atmosphere is controlled by catalytic processes, set in motion by small concentrations of natural
and synthetic chemicals that can destroy a large number of ozone molecules without being destroyed in the
process. Depletion is accelerated when the halogen atoms chlorine, bromine, and iodine are present; thus changes
in the "balance" lead to a lower level of ozone. (3) A large fraction of the anthropogenic (and natural) reagents
released at Earth's surface can be transported to the stratosphere if they are chemically stable in the troposphere.
Because halons and CFCs are very stable in the troposphere, a large fraction of the released amounts reach the
stratosphere, where they are quickly broken apart to release halogens that are active in destroying ozone. The
parameter that defines how much of the released amounts reach the stratosphere is the atmospheric lifetime
(Box 3.3).

Initially, ozone depletion was just a hypothesis based on laboratory data. It was unclear whether other trace
gases in the atmosphere would interfere with the ozone removal cycles. Starting in the early 1970s, numerical
models were developed to simulate the interactions of trace gases under atmospheric conditions, and the models
showed that ozone depletion should occur. The trace gas concentrations simulated by these models compare
favorably with measured concentrations, which lends credence to the models. However, direct comparison of
model-calculated change in ozone with observed change is more difficult. Because the expected globally
averaged ozone decrease is small, on the order of a few percent over a decade, detecting such change in the
atmosphere requires extracting this long-term trend from large seasonal cycles (~30%) and interannual variations
(~10%). It was not until the early 1980s that ground-based and satellite data were sufficient to determine a clear
trend.

Direct measurements now show that stratospheric ozone depletion has occurred during the past two
decades.’ In fact, the extent of ozone depletion is larger than predicted by the models based on gasphase
chemistry. It has been shown in laboratory experiments that heterogeneous (gas-particle) chemistry on cold
particles can occur such that a Cl atom can destroy even more ozone molecules than

Copyright © National Academy of Sciences. All rights reserved.
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thought previously.® The change in the vertical distribution of ozone has been measured and the trend deduced.

BOX 3.2 HOW IS OZONE, O;, MADE AND DESTROYED IN THE STRATOSPHERE?

What Determines the Ozone Abundance?

Ozone is produced via the photolysis of molecular oxygen by solar radiation: 0, —* 4 O + O The
oxygen atoms combine with O, to make Og: ‘@ + O, — O;. Ozone itself is photolyzed to make O atoms, but
most of the O atoms recombine with O, to make ozone. However, a small fraction of the O atoms react with
ozone to destroy ozone: & + 0, —+ 2 (), So, there is a natural balance in the stratosphere between the
formation of ozone and its destruction. This chemical scheme, first proposed by S. Chapman,’ is referred to
as the Chapman mechanism.

In addition to O atoms, other reactants, many of which are naturally occurring, can also destroy ozone.
For example, OH and HO, radicals, which are present in the stratosphere, can catalytically destroy ozone:
OH + OH, — HO, + O,, HO, + (; — OH + 2 0, Notice that in this sequence of reactions, OH and HO,
are not lost, but two molecules of ozone are destroyed. This is the concept of homogeneous gas-phase
free radical catalysis and the reason that a small abundance of reactive species can destroy a large
amount of ozone.

As with OH and HO,, chlorine and bromine can also destroy ozone. Examples include:
Cl+ 0, - ClO + 0, CIO0 + O — Cl + 0y, whose net result is the destruction of one ozone molecule and
an O atom, which would have ended up as an ozone molecule. The most important catalytic reactions
involving bromine and chlorine together are Br=0,—=BrO+0, | C(Cl+0,—+ClO+0,
CIO + BrO — Cl + Br + O, which leads to a net reaction: 2 O, — 3 O, Another such sequence, which
involves bromine with a naturally occurring species, is Br + Oy = Br0 + 0, Br0 + HO, — HOBr + O
HOBr — 8" _, OH + Br, OH + O, — HO, + O, , which also destroys two molecules of ozone. These
reactions involving bromine are especially effective in the lower stratosphere, where much of the observed
ozone depletion occurs. In addition to these catalytic cycles, there are a very large number of cycles
involving nitrogen oxides, hydrogenated species, and halogen species.

The balance between production, via photolysis of oxygen, and loss via catalytic ozone destruction
cycles, described above, determines the mean level of ozone in the atmosphere. Since the production rate
of ozone is essentially constant, any enhancements in the loss processes, such as introduction of bromine
compounds into the stratosphere, will lead to a lower level of ozone.

1'S. Chapman, "A Theory of Upper Atmosphetic Ozone," Memoirs of the Royal Meteorological Society 3 (26), 103-125 (1930).

The ozone depletion observed in the upper stratosphere (Figure 3.2) is consistent with the Rowland and
Molina hypothesis. For the lower stratosphere, where the majority of the ozone loss has occurred, it is now clear
that such reactions also take place in/on sulfuric acid aerosols, which are always present at low levels in the
stratosphere. Volcanic eruptions can greatly enhance the number of these droplets and increase the effectiveness
of bromine and chlorine in destroying ozone. Thus, following the eruption of Mt. Pinatubo in 1991, there was a
measurable decrease in stratospheric ozone abundance. The large loss of ozone during the 1990s in the lower
stratosphere can be attributed, in part, to the eruption of Mt. Pinatubo, which increased the number of particles
on which heterogeneous chemistry can occur and helped make the connection between the role of halogen
chemistry and ozone changes.” A semi-quantitative understanding of the entire ozone loss has emerged. The
release of man-made chlorine and bromine compounds is the primary cause of ozone depletion.

The Antarctic ozone hole, formed in the Antarctic stratosphere during the springtime, caught the attention
of the atmospheric sciences community in the mid-1980s.® During August and September 1987—the end of
winter and beginning of spring in the Southern Hemisphere—aircraft equipped with many different instruments
for measuring a large number of chemical species were flown repeatedly over Antarctica.® Among the chemicals
measured were ozone and chlorine oxide, the reactive chemical identified in the laboratory as one of the
participants in ozone-destroying chain reactions. On the first flights southward from the southern tip of South
America, relatively high concentrations of ozone were measured everywhere over Antarctica. By mid-
September, however, the instruments recorded low

Copyright © National Academy of Sciences. All rights reserved.
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BOX 3.3 CONCENTRATIONS AND LIFETIMES

The tropospheric concentration of a halon or a replacement compound is dependent on the rate of its
emission into the atmosphere and its atmospheric lifetime. Measurements of halons 1211 and 1301 show
that their current global mixing ratios (the ratio of volume density or concentration to the volume density of
air) are about 2.5 and 2.0 parts per trillion by volume (pptv), respectively, and are currently increasing at
about 2 and 6% per year, respectively."?3 These rates of increase have slowed appreciably in recent
years, consistent with the reduction in production and emission of these compounds. Despite such small
concentrations, production of these compounds has been halted because of the capability of the bromine
they contain to destroy ozone. Atmospheric models indicate that halons 1211 and 1301 are essentially
nonreactive in the troposphere and are destroyed through photolysis in the stratosphere, resulting in
atmospheric lifetimes of about 20 and 65 years, respectively.*5 Because of their long atmospheric lifetimes,
the destruction of these halons generally releases their bromine into the stratosphere, where the bromine
has the greatest impact on ozone. The long atmospheric lifetimes also imply that halons already emitted
will be releasing bromine into the stratosphere for several decades to come.

! J.H. Butler, J.W. Elkins, B.D. Hall, S.0. Cummings, and S.A. Montzka, J. Geophys. Res. 359, 403-405 (1992).

2 World Meteorological Organization, Scientific Assessment of Ozone Depletion, (1994); World Meteorological Organization,
Global Ozone Research and Monitoring Project, Report No. 37D, Geneva (1995).

3 Intergovernmental Panel on Climate Change (IPCC), Radiative Forcing of Climate Change, Cambridge University Press,
Cambridge, Great Britain (1996).

4 World Meteorological Organization, Scientific Assessment of Ozone Depletion, (1994); World Meteorological Organization,
Global Ozone Research and Monitoring Project, Report No. 37D, Geneva (1995).

3 Intergovernmental Panel on Climate Change (IPCC), Radiative Forcing of Climate Change, Cambridge University Press,
Cambridge, Great Britain (1996).

45 —

5 —

Altitude, km

S I B

15 10 5 0
Ozone loss per decade

Figure 3.2
Observed trends in vertical distribution of ozone for mid-latitudes (30-50°N) during the 1980s, based on satellite,
balloon, and groundbased observations.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5744.html

[}
>
=
=
[}
o
©
(9]
X
®
[}
o
0
()
(o))
©
o
»
Qo
=
o
£
&=
=
(0]
[72]
[}
o
>
Z
T
£
=
2
(@]
[}
L
£
£
o
=
=
o
[
~
(]
o
0
-
[0}
Q
®©
o
©
£
=2
2
o
(]
ey
£
€
(]
o
=
©
]
2
®
[
o
(&}
[%2]
o
=
-
s
<
£
(]
o
=
©
(]
[72]
(]
Q.
€
(]
[}
[}
o
[
[}
(5}
Q0
(2]
©
N
-
=
o
2
T
£
=2
2
(@]
0]
ey
=
Z
]
C
S
2
©
o
C
(]
(2]
(]
o
[oX
[}
o
I
=
=2
©
2
(]
C
@
C
'_
o)
=
L.
a
o
@
ey
=
=
3
o
Q
<

(0]
(2]
(]
o
o
=
(0]
b=
(0]
(2]
£
>
T
g
c
(0]
he)
Q
(]
[y]
c
(0]
[0
o]
(0]
>
©
<
>
@
€
2]
2
[e]
o
£
(0]
XS]
<
Q.
[0
©
()]
o
o
>
Z
[0]
€
(o]
w
e)
C
©
=
[0]
£
©
o)
(0]
o
[0]
o]
=
[e]
c
C
(]
(6]
.
(0]
>
(0]
2
o
~
-
C
=
@
=
£
(o]
S
ko)
=
[$]
[0
Q.
(ll’)
(o]
C
E
[0]
[}
(0]
o
>
=
-
(0]
L
£
(o]
e)
C
@
@
k]
>
=
(2]
()]
£
©
@
(0]
<
4
-
©
[0)
o
o]
©
o
(o]
2
-
c
=
(o))
C
K9]
(0]
£
)
£
=)
2
o
(0]
e
=
[e]
el

c
e
=

]
Ie!
=
=]

©

=

S
L

c
ke

7

o

o

>

[
=
=

©
i)
=

<}
z
=
=1
®©
©
<
s

[2]

®©

c
e
=

©

o
e

>

o
8
=
=
b

s}

c
ke

7

&2

o

>
=

c
=

S

©
<
=

©

[2]

S

ATMOSPHERIC CHEMISTRY AND EVALUATION OF ENVIRONMENTAL EFFECTS OF FIRE SUPPRESSANTS 26

concentrations of ozone in regions where there were high concentrations of chlorine oxide, and vice versa,
as shown in Figure 3.3. Flights later in September showed even less ozone over Antarctica, as the chlorine
continued to react with the stratospheric ozone (see Figure 3.3).

3000 1 1 1 I ] 1 T T T 1500
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& — 1000 O
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© 2000 | b,
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Southern Latitude
Figure 3.3

NASA aircraft-based measurements of ozone and reactive chlorine (C10) made in September 1987 over Antarctica.
These data demonstrate the relationship between high reactive chlorine and low ozone inside the Antarctic ozone
"hole."

Source: National Aeronautics and Space Administration.

Independent measurements made from airplanes, balloons, satellites, and the ground have provided a
detailed understanding of the chemical reactions in the Antarctic stratosphere. In the winter, the lower polar
stratosphere can reach temperatures sufficiently cold (less than approximately -80°C, or -112°F at 20 m) that
stratospheric clouds can form. These clouds facilitate heterogeneous chemical reactions that allow the release of
active chlorine in sunlight. The chemical reactions related to the clouds are now well understood through study
under laboratory conditions mimicking those found naturally.

The now well-documented phenomenon of the Antarctic ozone hole has demonstrated the cause-and-effect
relationship between release of anthropogenic chlorine and bromine and depletion of ozone. Ozone loss has also
been observed in the Arctic and, at least in part, is related to processes similar to those occurring in the Antarctic.
One of the primary reasons for concern about depletion of stratospheric ozone is the increase in UV radiation
that results from the decrease in ozone. Simple physics clearly shows that such UV increases must occur. It is
difficult to detect UV changes at the ground caused by small changes in ozone in the stratosphere. In contrast, it
is relatively easy to detect the increased UV radiation reaching the surface as a result of the large loss of
stratospheric ozone over the Antarctic in springtime. The observations shown in Figure 3.4 agree with the
predictions and clearly make the connection between ozone-depleting substances and changes in UV radiation at
Earth's surface.

ATMOSPHERIC LIFETIME, OZONE DEPLETION POTENTIAL, AND GLOBAL
WARMING POTENTIAL AS INDICATORS OF ENVIRONMENTAL IMPACT

Compounds being considered as replacements for halon include perfluorocarbons, hydrofluorocarbons,
hydrochlorofluorocarbons, and several other compounds, such as CF;l and SFg. These compounds are listed in
Table 3.1, along with their atmospheric lifetimes and calculated ozone depletion potentials. Only individual
compounds and their effects are examined here, although the effects of a mixture can be evaluated in terms of the
proper ratios of the individual effects. The atmospheric lifetime of such compounds is important in determining
their potential effects on ozone and climate, as is their calculated ozone depletion potential (ODP) and global
warming potential (GWP).!0

Copyright © National Academy of Sciences. All rights reserved.
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Figure 3.4

Measured increase in erythermal ultraviolet (UV) radiation at the South Pole. These data demonstrate the effects of
reduced ozone in the Antarctic ozone "hole" in allowing more UV radiation to reach the surface.

Source: C.R. Booth and S. Mandronich, "Radiation Amplification Factors: Improved Formulation Accounts for
Large Increases in Ultraviolet Radiation Associated with Antarctic Ozone Depletion," pp. 39-42 in Ultraviolet
Radiation in Antarctica: Measurements and Biological Research, C.S. Weiler and P.A. Penhale, Eds., AGU
Antarctic Research Series, Vol. 62, American Geophysical Union, Washington, D.C. (1994).

Atmospheric Lifetime

After emission into the atmosphere, the time scale for removal of a gas—its atmospheric lifetime—is
generally defined as the ratio of total atmospheric burden to integrated global loss rate. The lifetime is the time it
takes for the global amount of the gas to decay to /e, or 36.8% of its original concentration after initial emission
into the atmosphere. The lifetime must take into account all of the processes determining the removal of a gas
from the atmosphere, including photochemical losses within the atmosphere (typically due to photodissociation
or reaction with OH), heterogeneous removal processes (e.g., loss into clouds or into raindrops), and permanent
removal uptake by the land or ocean. Atmospheric lifetimes of a number of gases have been determined based on
current knowledge of these loss processes.

As shown in Table 3.1, atmospheric lifetimes of greenhouse gases of interest as replacements for halon
range from a few days (e.g., for CF;l, owing to its photolysis at near-ultraviolet wavelengths) to thousands of
years (e.g., for SFg and the perfluorocarbons). Lifetimes of HCFCs and HFCs range from very short periods for
gases such as HCFC-123 that react rapidly with hydroxyl (OH) to lifetimes comparable in length to those of the
halons.

Copyright © National Academy of Sciences. All rights reserved.
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S o
& o HFC-236fa CF;CH,CF; 209 0
5]
© PFCs
£8
5 < FC-14 CF, 50000 0
= >
2 g FC-116 C,Fg 10000 0
o
E ; FC-218 C;Fg >2600 0
£s FC-31-10 C.Fyo >2600 0
e
3 g FC-51-14 CeFys 3200 0
Q
g %’ OTHER
(&}
o8 CFC-11 CFCl, 50 1
c o .
é g é Carbon dioxode CO, * 0
6 >
§ g)_ :% Sulfur hexafluoride SF¢ 3200 0
©
_g ? S Trifluoroiodomethane CF;l <0.005 <0.008
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Effectiveness of Chlorine and Bromine in Ozone Destruction

The chlorine and bromine catalytic mechanisms are particularly efficient at destroying ozone. The chlorine
and bromine catalytic cycles can occur thousands of times before the catalyst is converted to a less reactive form
such as HCI or HBr. Because of this cycling, relatively small concentrations of reactive chlorine or bromine can
have a significant impact on the amount and distribution of ozone in the stratosphere. In the lower stratosphere,
atmospheric and laboratory measurements indicate that heterogeneous chemistry on particles leads to enhanced
effects on ozone from chlorine and bromine by helping to convert less reactive species to the forms of bromine
and chlorine that can react catalytically.

Bromine is much more effective at destroying ozone in the lower stratosphere than is chlorine, as much as
100 times more efficient below 20 km.!''213 The emissions and corresponding amount of brominated
compounds or halons in the atmosphere are much smaller, however, than those of the chlorinated compounds. As
a result, while not negligible, bromine's impact on the current atmosphere is smaller than the effects from
increasing chlorine.

CF;l and other compounds containing iodine have been suggested as replacements for halons. Iodine
reaching the stratosphere is even more effective than bromine and over 1,000 times more effective than chlorine
at destroying ozone in the lower stratosphere.'*!3

Other suggested replacements are primarily composed of carbon, fluorine, and hydrogen. None of these
compounds affects ozone. It has been suggested that CF; radicals produced by dissociation of some of these
compounds, such as from the dissociation of HFC-134a, could affect ozone; recent studies show, however, that
these radicals do not have any significant effects on ozone.!%!”

How Much Have Halons Affected Stratospheric Ozone?

The concept of chlorine/bromine loading'® provides a useful means of examining the relative effects of
different chlorine and bromine compounds on stratospheric ozone. By combining atmospheric observations with
analyses from atmospheric models, chlorine/bromine loading provides a measure of the amounts of chlorine and
bromine available to react with ozone. The changes in chlorine/bromine loading with time, based on past and
projected emissions of halocarbons, are assumed to be proportional to changes in ozone using the effects of
chlorine and bromine in determining trends in ozone depletion over recent decades. Of particular interest is the
chlorine/bromine loading in the lower stratosphere, where observations indicate that most of the ozone loss has
occurred.

Figure 3.5 shows the chlorine/bromine loading in the lower stratosphere for known past emissions of CFCs,
halons, and other halocarbons and for projected emissions corresponding to those expected following the
Copenhagen Agreement modifications to the Montreal Protocol (note that bromine is assumed to be 60 times as
effective as chlorine in affecting ozone in this analysis). Taking into account uncertainties associated with the
effects of bromine on ozone relative to the effects of chlorine, these analyses suggest that halons account for
about 7 to 12% of the ozone decrease in the lower stratosphere through 1995, while total bromine, including
effects from human-related emissions of methyl bromine, accounts for 15 to 25% of the ozone decrease in this
region. Bromine has almost no effect on determining the ozone decrease in the upper stratosphere, thus implying
smaller effects from halons (3 to 5%) and total bromine (9 to 12%) on globally integrated ozone distribution.

Ozone Depletion Potential

The concept of ozone depletion potential (ODP) provides a cumulative measure of the expected effects on
ozone from the emissions of a gas relative to one of the gases of most concern with respect to ozone change,
namely CFC-11 (CFCl,).!%2921.22 This concept is an integral part of national and international policy
considerations to protect ozone, including the Montreal Protocol and its amendments, and the U.S. Clean Air
Act. ODPs provide an important index for analyzing a new

Copyright © National Academy of Sciences. All rights reserved.
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chemical's potential to affect ozone relative to CFCs, halons, or other replacement compounds being considered.

4

CH3GCl, Halons

CHzBr-natural
s

0.5

e
CHLCI

D Li L] T 1
1940 1960 1980 2000 2020 2040 2060 2080 2100
Yaar

Figure 3.5

Chlorine/bromine loading in the lower stratosphere for known past emissions of CFCs, halons, and other
halocarbons and for projected emissions corresponding to those expected following the Copenhagen Agreement
modifications to the Montreal Protocol.

The ODP 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 mass emission of CFC-11. Time-dependent ODPs can also be defined that provide
information on a compound's effects on ozone on a shorter time scale. However, the steady-state values have
been preferred and have been used in regulatory considerations. ODPs are currently determined by two different
means: by calculations with two-dimensional models of the global atmosphere?>** and by the semiempirical
approach developed by Solomon et al.> The two approaches give similar results.

By definition, the ODP for CFC-11 (CFCly) is 1.0, and the calculated ODPs for other banned CFCs are all
greater than 0.4. The Clean Air Act calls for policy actions on compounds whose ODPs are equal to or greater
than 0.2. As listed in Table 3.1, the steady-state ODPs for halons are all extremely large, much greater than 1.0,
reflecting the reactivity of bromine with ozone, whereas the ODPs for all of the hydrofluorocarbons (HFCs), the
perfluorocarbons (PFCs), and sulfur hexafluoride are all near zero, reflecting the inability of their degradation
products to participate in catalytic ozone destruction cycles.”® Although the HCFCs do contain chlorine and can
affect ozone, the ODPs of those being considered as halon replacements (Table 3.1) are all small, with values of
0.02 to 0.05. The effects on ozone per unit emission of one of these HCFCs would be less than one hundredth of
the effect on ozone caused by the halon it would replace. The short lifetimes of these HCFCs and their lack of
bromine result in the reduced effect on ozone.

Although iodine is extremely reactive with ozone, the ODP for surface emissions of CF;l is less than 0.01
(a recent analysis by Connell et al.”’ suggests that the ODP is less than 0.006); because of its reactivity in the
troposphere, very little iodine would be expected to reach the stratosphere. However, this ODP value is subject to
significant uncertainty because of uncertainty in the understanding of iodine chemistry (e.g., lack of data on such
reactions as 10 with O3, ClO, or BrO) and the physical processes (e.g., the effects of fast vertical transport from
convective processes in transferring iodine from the lower to the upper troposphere) affecting the iodine
distribution in the troposphere and stratosphere.

In evaluating alternatives to halon, time-dependent ODPs are also useful to examine because they provide
insight into a compound's short-term effects on stratospheric ozone following its emission (while steady-state
ODPs indicate integrated effects over longer time scales). As discussed in recent international assessments,?® the
ODPs for the HCFCs are much larger at short time scales of a few years

Copyright © National Academy of Sciences. All rights reserved.
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than they are at steady state. The short atmospheric lifetimes of these compounds imply that, compared to
CFC-11, they release chlorine in the lower stratosphere more quickly, and can result in a more immediate (but
small) effect on ozone. However, the time-dependent ODPs for these HCFCs are still much smaller than the
ODPs for the halons they would replace.

Potential Effects on Climate

Much of the concern about effects of human activities on climate has centered on carbon dioxide (CO,)
because of its importance as a greenhouse gas and also because of the rapid rate at which its atmospheric
concentration has been increasing. However, other greenhouse gases account for about half of the overall
increase in the effect of radiative forcing on climate.?® Although halons, because of their small concentrations,
are currently only a minor contributor to increased radiative forcing, it is important to consider the possible role
of any replacements in affecting future climate.

Several different indices have been used as measures of the strength of the radiative forcing on climate from
different greenhouse gases. The indexing approach for greenhouse gases that has gained the widest acceptance is
the concept of global warming potential (GWP) originally developed by the Intergovernmental Panel on Climate
Change (IPCC).°

Radiative Forcing

The radiative forcing of the surface-troposphere system (owing, for example, to a change in greenhouse gas
concentration) is defined as the change in net irradiance (in watts per meters squared, Wm2 ) at the tropopause
after allowing for readjustment of stratospheric temperatures to stratospheric equilibrium. The tropopause is the
reference point because it is considered, in a global and annual mean sense, that the surface and the troposphere
are closely coupled.

A key factor affecting the radiative forcing associated with a gas is the location of the wavelengths at which
it absorbs infrared radiation. The spectral region from about 8 to 12 um is referred to as the "window" because of
the relative transparency of the atmosphere to radiation over these wavelengths. Most of the non-CO,
greenhouse gases with the potential to affect climate, including halons and most of their replacements, all have
strong absorption bands in the atmospheric window region. Relatively small changes in the concentrations of
these gases can produce a significant increase in radiative forcing.

As the concentration of a greenhouse gas becomes high, it can absorb most of the radiation in its energy
bands; once any of its absorption wavelengths become saturated, it is unable to absorb more energy at those
wavelengths, and a further increase in its concentration has a diminishing effect on climate. This is called the
band saturation effect. For example, the radiative forcing attributable to further increases in carbon dioxide
concentrations in the current atmosphere will increase as the natural logarithm of its concentration because of
this effect. Also, at the wavelengths where water vapor and carbon dioxide strongly absorb infrared radiation, the
greenhouse effect of other gases will be minimal. However, absorption by other gases, such as the halons or
other halocarbons, at wavelengths that are not saturated varies linearly with concentration. Another important
consideration in radiative absorption is the band overlap effect. If a gas absorbs at wavelengths that are also
absorbed by other gases, then the effect on radiative forcing of increasing its concentration can be diminished.

In addition to the direct forcing effect from emission of a gas into the atmosphere, the net radiative forcing
can also be modified through indirect effects relating to chemical interactions on other radiatively important
constituents. For example, emissions of halons result in stratospheric bromine that can destroy stratospheric
ozone, which is also a greenhouse gas.?' Such indirect effects need to be considered when candidate replacement
compounds are evaluated for potential effects on climate.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5744.html

[}
>
=
=
[}
o
©
]
X
®
[}
o
0
()
(o))
©
o
»
Qo
C=
()]
£
&=
=
(0]
[72]
[}
[oN
>
Z
T
£
=
2
(@]
[}
<
£
£
o
=
=
o
[
~
(]
o
0
-
[0}
Q
®©
o
©
£
=2
2
o
(]
ey
£
€
(]
o
=
©
]
2
®
[
o
o
2]
o
=
—
s
<
£
(]
o
=
©
(]
[72]
(]
Q.
€
(]
[&]
[}
o
[
[}
(5}
Keo]
2]
©
°
-
=
o
2
T
£
=2
2
(@]
0]
ey
=
Z
]
C
S
2
©
o
C
(]
(2]
(]
o
Q.
[}
o
I
=
=2
©
2
(]
C
@
Ny
'_
o)
=
L.
a
o
@
ey
=
=
>
o
Q
<

[0}
(2]
®
<
o
<
O
©
[0}
(2]
£
>
©
IS
c
(0]
o
Q
(]
@®©
c
[0
[0}
o]
(9]
>
©
<
>
@®
€
2]
24
]
o
£
(0]
Q
<
Q.
®©
o
D
o
o
>
2
[0)
£
(o]
w
e
C
©
5
Q
=
©
S
(0]
o
(]
o]
=
o
c
C
@
(6]
=
(9]
>
[©)
3
o
~
%
C
£
@®
€
£
(]
o
L2
=
[$]
[0}
Q.
(ll’)
D
C
E
[0}
[}
[0}
o
>
2
o
(]
L
£
o
T
C
@®©
3
k]
>
=
(2]
D
£
©
@®©
(0]
<
%)
-
©
(]
o
o]
o
2
o
2
%)
c
S
D
C
K9]
(0]
£
©
£
2
=
(]
(0]
e
e
o
ie)

c
e
=

]
Ie!
=
=]

©

=

S
L

c
ke

7

o

o

>

[
=
=

©
i)
=

<}
z
=
=1
®©
©
<
s

[2]

©

c
e
=

©

o
e

>

o
8
=
=
b

s}

c
ke

7

&2

o

>
=

c
=

S

©
<
=

©

o}

S

ATMOSPHERIC CHEMISTRY AND EVALUATION OF ENVIRONMENTAL EFFECTS OF FIRE SUPPRESSANTS 32

Table 3.2 Radiative Forcing Due to Halon 1301 and Potential Replacements

Species Chemical Formula  Radiative Forcing per Unit Mass Radiative Forcing per Unit
Relative to CFC-11 (CFCly) Molecule Relative to CFC-11
(CFCly)
HALON
H-1301 CF;Br 1.19 1.29
HCFCs
HCFC-22 CF,HCl 1.37 0.86
HCFC-123 CF;CHCl, 0.72 0.80
HCFC-124 CF;CHFCl 0.88 0.87
HFCs
HFC-23 CHF; 1.59 0.81
HFC-32 CH,F, 1.06 0.40
HFC-125 CF;CF,H 1.03 0.90
HFC-134a CH,FCF; 1.04 0.77
HFC-227ea CF;CHFCF; 0.95 1.17
HFC-236fa CF;CH,CF; 1.06 1.17
PFCs
FC-14 CF, 0.69 0.44
FC-116 C,Fs 1.36 1.37
FC-218 C;Fg 0.77 1.05
FC-51-14 CeFiq 0.75 1.84
OTHER
CFC-11 CFCl, 1 1
CO, CO, 8 x 107 2.5x 104
Sulfur hexafluoride SFq 2.75 2.92
Trifluoroiodomethane  CF;l 1.20 1.71

NOTE: The absolute radiative forcing due to CFC-11 is 0.22 Wm per ppbv increase (Intergovernmental Panel on Climate Change
(IPCC), Radiative Forcing of Climate Change, Cambridge University Press, Cambridge, Great Britain, 1996). The radiative forcing for
CFC-11 is a factor of 3,970 greater than that for CO, per unit mass and 12,400 greater than that for CO, per unit molecule increase.
SOURCE: Adapted from IPCC, 1996, and from World Meteorological Organization, Scientific Assessment of Ozone Depletion, 1994.

Relative Radiative Forcing per Molecule or Mass

Relative radiative forcing represents a comparison of radiative forcing on a molecule-per-molecule or
kilogram-per-kilogram basis for the different greenhouse gases. It is generally given relative to CO, or CFC-11.
A radiative transfer model of the atmosphere is used to determine the radiative forcing attributable to small
perturbations of these gases relative to present-day conditions. Small perturbations are used in the calculations in
order to prevent the marked nonlinear absorption of carbon dioxide, methane, and nitrous oxide from affecting
the radiative forcing for these gases. Table 3.2 shows radiative forcing on a per-molecule basis relative to
CFC-11 for halons and their possible replacements.
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The values for radiative forcing for halon 1301 and possible replacements listed in Table 3.2 are all within a
factor of four of each other and are roughly of the same order of magnitude as the values attributable to CFC-11.
On the other hand, the radiative forcing for CFC-11 is 3,970 times greater than that for CO, on a per-unit-mass
basis and is 12,400 times greater than that for CO, on a per-molecule basis. These results suggest that all of the
replacement compounds could be important greenhouse gases if their atmospheric concentrations became large
enough.

What Effects Could Replacements for Halons Have on Climatic Change?

Current concentrations of halon 1301 in the atmosphere (about 0.003 ppbv) produce a radiative forcing on
climate that is 0.0005 that owing to increases in carbon dioxide concentrations over the last two centuries. Even
over recent decades the effect on climate of the rapid increases in halon concentrations would still be small
relative to the effect of the increase in CO, concentration. Increased halon concentrations due to use by the U.S.
Navy account for an even smaller fraction of the radiative forcing effects on climate.

Global Warming Potential

Akin to the concept of ODP, the concept of global warming potential has been developed to provide a
simple representation of the relative effects on climate resulting from a unit-mass emission of a greenhouse gas.
Values for GWP are expressed as the time-integrated radiative forcing from the instantaneous release of a
kilogram (i.e., a small mass emission) of a trace gas expressed relative to that of a kilogram of the reference gas,
COQ:

P 11 (£(0) L )

[ F([CO, (1)])dr

where n is the time horizon over which the calculation is considered; F([x(f)] is the radiative forcing in
response to the changing concentration of species x after the pulse emission at time ¢ = 0; [x(#)] is the time-
decaying concentration of that gas; and the corresponding quantities for the reference gas are in the denominator.
The radiative forcing responses are derived from radiative transfer models. The trace gas concentrations, [x(?)],
remaining after time ¢ are based on the atmospheric lifetimes of the gas in question. The reference gas has been
taken generally to be CO,, since this allows a comparison of the radiative forcing role of the emission of the gas
in question to that of the dominant greenhouse gas that is emitted as a result of human activities.

The best choice of integration time horizon in evaluating GWP has been the subject of much discussion and
controversy. Unlike the case with ODP, the complexities of treating CO, and the carbon cycle prevent
integration of GWP to steady state. There is, however, no given value of integration time for determining GWP
that is ideal over the range of uses of this concept. Values for GWP are generally calculated over three time
horizons, for 20, 100, and 500 years. It is believed that these three time horizons provide a practical range for
policy applications.>> GWPs determined for the longest integration period provide a measure of the cumulative
chronic effects on climate, while integration over the shortest period is representative of near-term effects. GWPs
evaluated over the intermediate 100-year period appear generally to provide a balanced representation of the
various time scales for climatic response. The best choice of time horizon will depend on the specific analysis
being considered. It is necessary to balance the effects of near-term responses in comparing greenhouse gases
with consideration of the long-term persistence of any environmental effects from long-lived gases.

Copyright © National Academy of Sciences. All rights reserved.
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Table 3.3 Direct Global Warming Potential of Halon 1301 and of Candidate Replacements

Chemical Formula  Atmospheric Lifetime Global Warming Potential (Time Horizon)
(years)

Species 20 years 100 years 500 years
CO, CO, * 1 1 1
HALON
H-1301 CF;Br 65 6100 5400 2200
HCFCs
HCFC-22 CF,HCl1 12.1 4000 1500 520
HCFC-123 CF;CHCl, 1.4 300 90 29
HCFC-124 CF;CHFCl 6.1 1500 470 140
HFCs
HFC-23 CHF; 264 9100 11700 9800
HFC-32 CH,F, 5.6 2100 650 200
HFC-125 CF;CF,H 32.6 4600 2800 920
HFC-134a CH,FCF; 14.6 3400 1300 420
HFC-227ea CF;CHFCF; 36.5 4300 2900 950
HFC-236fa CF;CH,CF; 209 5100 6300 4700
PFCs
FC-14 CF, 50000 4400 6500 10000
FC-116 C,Fq 10000 6200 9200 14000
FC-51-14 CeFi4 3200 5000 7400 10700
OTHER
CFC-11 CFCl, 50 4900 3800 1300
Sulfur hexafluoride SFq 3200 16300 23900 34900
Trifluoroiodomethane ~ CF;l <0.005 <3 <<1 <1

* Decay of CO, is a complex function of the carbon cycle (IPCC, 1996).
SOURCE: Adapted from Intergovernmental Panel on Climate Change (IPCC), Radiative Forcing of Climate Change, Cambridge University
Press, Cambridge, Great Britain (1996).

Direct GWPs Table 3.3 summarizes the GWPs for halons and their replacements included in the new IPCC
assessments. Because their radiative forcing is of similar magnitude, the replacements with the longer
atmospheric lifetimes have the largest GWPs. In fact, the GWPs for many of the replacements are as large as or
larger than the GWPs for halon 1301 (other halons have not been evaluated), particularly for the 20-year
integration time. The shorter-lived compounds, such as HCFC-123, HCFC-124, and HFC-32, have appreciably
smaller GWPs, particularly at the 100- and 500-year integration periods. The GWPs for CF;l are extremely small
(<3 even for the 20-year integration) owing to its atmospheric lifetime of only a few days.

The GWPs for the perfluorocarbons and for SFg are all much larger than any of the GWP values for CFCs
or halons. The very long atmospheric lifetimes of these gases lead to extremely large GWPs. These large GWPs
imply potentially large effects on climate over long time scales, with the actual effect on climatic radiative
forcing dependent on the magnitude of emissions into the atmosphere.

Copyright © National Academy of Sciences. All rights reserved.
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Indirect GWPs Possible effects on ozone from emissions of halons or their replacements also need to be
considered. Daniel et al.?® have estimated the indirect GWPs for effects on ozone from a variety of halocarbons,
including CFCs, halons, and HCFCs, in an attempt to clarify the relative radiative forcing roles of different
classes of ozone-depleting compounds. Decreased ozone from CFCs and halons should decrease the radiative
forcing on climate. Daniel et al. found that the net GWP of halocarbons depends strongly on the each
compound's effectiveness for ozone destruction. Halons are likely to have negative net GWPs, while those of
CFCs are likely to be positive over both 20- and 100-year time horizons. These analyses, however, are still
subject to remaining uncertainties about the causes of ozone decreases in the lower stratosphere. These indirect
effects are not included in the values given in Table 3.3.

Summary

The concepts of ozone depletion potential and global warming potential provide important guides to the
potential of halon replacements to destroy stratospheric ozone and to affect radiative forcing on climate. In
general, unless the amounts of replacement compounds produced and emitted into the atmosphere are much
larger than the amounts of the compounds they replace, the compounds being considered as halon replacements
are not expected to have any appreciable effect on stratospheric ozone.

However, the perfluorocarbons and SF, have extremely long atmospheric lifetimes (> 1,000 years) and their
large GWPs suggest that emissions of these compounds could lead to significant concerns about radiative forcing
on climate.

OTHER ENVIRONMENTAL EFFECTS

A chemical compound introduced into the atmosphere at the ground will be dispersed throughout the
troposphere. It takes a few months for the compound to be dispersed within the hemisphere in which it is
released. The time constant for cross-equatorial transport is about 1 year. On the same time scale, a portion of the
chemical will also be transported to the stratosphere. Material is continuously recycled between the troposphere
and the stratosphere. An inert molecule spends 90% of its time in the troposphere. Once transported to the
stratosphere, a compound has an average residence time of about 3 years before it is transported back to the
troposphere.

The extent to which a compound can be dispersed globally depends on the competition between transport
and removal processes. Removal from the atmosphere is achieved by chemical or photochemical reactions that
alter the identity of the compound, or by physical means such as rainout. Figure 3.6 provides a schematic
representation of the life cycle of a chemical, A, released to the atmosphere. It is dispersed between the ground,
tropospheric, and stratospheric reservoirs. Possibilities exist for the compound to be transformed into an
intermediate product, B, and/or final products C and D in each reservoir.

If the compound is insoluble and chemically inert, the material will retain its identity as A, and all of it will
stay in the atmosphere. Eventually, the material will be dispersed evenly throughout the atmosphere with a
constant volume mixing ratio.” One concern in this case is that the concentration of A in the atmosphere would
reach a sufficient level that it could block infrared radiation emitted from the surface, leading to greenhouse
warming. Given the radiative properties of most molecules, the greenhouse warming effect starts to become
significant when a few teragrams (1 teragram = 10'? gm) of the compound are present in the atmosphere so that
its mixing ratio approaches the parts per billion by volume level. The GWP of a compound provides a relative
measure of its greenhouse warming impact on a unit mass emitted basis (see discussion in preceding section).

A more typical situation is presented by a chemical whose reactivity in the atmosphere is sufficiently slow
(removal rate slower than 1% per day) that it can be transported globally before it is chemically

* The volume mixing ratio of a species A is the ratio of the number of A molecules in an air sample to the total number of
air molecules in the same sample. For a trace gas with constant mixing ratio, any sample of air will contain the same fraction
of A.
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removed. The final degradation products (C) for the halocarbons are CO, from the carbon atoms, and hydrogen
halides (i.e., HF, HCIl, HBr, and HI) from the halogen atoms. The amount of CO, produced by the oxidation of
halocarbons is negligible when compared to the magnitude of the other CO, sources (e.g., fossil fuel
combustion). The hydrogen halides are removed from the atmosphere by rainout. The resulting acid deposition is
negligible compared to that from other sources present in the atmosphere.’* With the exception of fluorine, the
halogen atoms (i.e., Cl, Br, and I ) coexist with the hydrogen halides in the atmosphere. Cl, Br, and I atoms
participate in catalytic chemical cycles that can deplete stratospheric ozone; F atoms do not. F atoms react
rapidly with H,O vapor and with CH, to give HF. The H-F bond is extremely strong. HF is an efficient and
permanent sink for F atoms in the atmosphere, and as a result F atoms do not participate in catalytic chemical
cycles.® The value of the ozone depletion potential assigned to a compound is a combined measure of the
amount of free radicals that it delivers to the stratosphere and the catalytic efficiency of the free radicals in ozone
removal. ODPs measure the relative effects of different compounds on ozone on a per unit mass emitted basis,
not on the basis of absolute concentrations oft he halogen radicals delivered to the stratosphere. For a detailed
discussion of ODPs and their derivation, see the discussion in the preceding section.

Stratosphere
A » B >c
4 1 s
Traposphere J-
C
-lAl EB 4
Earth Surfs v J
A >

Figure 3.6
Schematic representation of a chemical's life cycle. The horizontal arrows represent chemical and/or physical
processes. Vertical arrows represent transport between reservoirs.

Intermediate products may also be formed during the atmospheric degradation of halon replacements. The
question addressed here is whether any of these products will have any significant environmental impact. There
are three issues to be considered:

1. If the atmospheric concentrations of the intermediate products (B) and final products (C) are
sufficiently high, their greenhouse warming effects should be added to the global warming potential
of the parent compound.

2. The intermediate products may react with other trace gases in the atmosphere and perturb their
natural balance in the atmosphere. The effect on ozone is of particular interest.

3. The ecological effects of the deposition of intermediate and final products on the ground should be
assessed. A necessary step in assessing these effects is the estimation of the concentrations of each
chemical and their by-products in each reservoir.

Estimating Atmospheric Concentrations of Intermediate Degradation Products

The atmospheric concentration of a substance depends on the rate at which it is emitted to, or produced in
situ, in the atmosphere and the rate at which it is removed from the atmosphere. The local

Copyright © National Academy of Sciences. All rights reserved.
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chemical removal rate can be characterized by a time constant that is related to the inverse of the reaction rate.
For two species with the same emission or production rates, the one with the longer lifetime will have a larger
concentration in the atmosphere. For all of the CFCs, HCFCs, and HFCs that have been examined, the lifetimes
of the intermediate atmospheric degradation products are always much shorter than those of the parent
compounds. As a result, the atmospheric concentrations of the intermediate products are always much smaller
than those of the parent compounds.

Chlorofluorocarbons (CFCs) and halons are essentially inert in the troposphere but are reactive in the
stratosphere. Intermediate degradation products from CFCs and halons usually have small concentrations in the
stratosphere because there are abundant high-energy UV photons in the stratosphere to dissociate them. The
initial sequence of reactions leads rapidly (within a few minutes) to the formation of intermediate oxidation
products. One example of an intermediate product is CF,0 from CFC-12 (CF,Cl,). CF,0 is further degraded in
the atmosphere to form HF and CO,. The atmospheric concentration of CF,0 is expected to be about a factor of
1,000 less than that of CFC-12. Concentrations of CF,O observed in the atmosphere are in agreement with
expected concentrations calculated using known photochemical processes.>°

Hydrochlorofluorocarbons (HCFCs), hydrofluorocarbons (HFCs), and hydrogenated halons react with the
hydroxyl radical in the troposphere. Although their primary loss is in the stratosphere, some halons (1211, 1202,
and 2402) do have a small fraction of their photodissociation in the troposphere. Intermediate products produced
in the troposphere from the degradation of HCFCs and HFCs are subject to removal by rainout within a few
day?” As a result, the concentrations of the intermediate products in the atmosphere are very small.

Estimating the Concentrations of the Intermediate Products on the Ground

Some of the intermediate degradation products produced in the troposphere may be removed and deposited
back to the ground by rainout and dry deposition before they can be photochemically converted into CO, and the
respective halogen halides. A simple estimate of the upper-limit rainwater concentration of the intermediate
product can be obtained as follows. If one assumes that 1 kiloton of compound in the atmosphere would produce
1 kiloton of the intermediate degradation product, the annual total rainfall of 5 x 10'7 liter would imply an
average concentration of the intermediate product at 2 ng/liter for a 1 kiloton/yr emission. More sophisticated
estimates can be obtained by taking into account the yield of the intermediate product, the spatial distribution of
the gas-phase precursors, and the distribution of precipitation. This can be achieved using a three-dimensional
chemistry-transport model. An example of such a study of the global-scale deposition of CF;COOH (TFA)
produced during the atmospheric oxidation of HFC-134a can be found in Kanakidou et al.* In addition, regional-
scale acid deposition models can be used to examine the variations on local and regional scales.

Once the rainwater reaches the ground, one needs to assess if the intermediate product can be degraded in
the natural environment, e.g., by microbial action in the ground water. Tromp et al.> pointed out that in certain
water bodies, the normal evaporation cycle will remove the water, leaving behind the solute. In the absence of a
degradation mechanism, the solute could accumulate to concentrations that are much higher than those found in
rainwater.

Degradation Pathways for Candidate Alternative Fire Extinguishing Agents

The halon alternatives that have been identified consist of a number of HCFCs, HFCs, and PFCs and CF;l.
They can be separated into the following groups:

* Halogenated methanes: =~ HCFC-22 (CHCIF,), HFC-23 (CF;H), IFC-12I1 (CF;])

* Halogenated ethanes: HCFC-123 (CF;CHCl,), HCFC-124 (CF;CHCIF), HFC-125 (CF;CHF,), HFC-134a
(CF;CH,F)

Copyright © National Academy of Sciences. All rights reserved.
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* Halogenated propanes: HFC-227ea (CF;CHFCF;), HFC-236fa (CF;CH,CF3)
* Perfluorinated halocarbons: PFC-218 (CF;CF,CF3), PFC-31-10 (CF;CF,CF,CF3).

Degradation Pathways for Halomethanes and Haloethanes

The atmospheric degradation mechanisms of halomethanes and haloethanes have been the subject of several
workshops. The results are available in a 1990 WMO report.*

Atmospheric degradation of halomethanes and haloethanes is initiated principally by the reaction with the
OH radicals. The products are given in Table 3.4. The degradation pathways for the typical haloethane are
illustrated in Figure 3.7, after Cox and Lesclaux*' and Wallington et al.*? The detailed discussion that follows
focuses on haloethane of the form CX3CYZH, where X = Cl or F, and Y and Z can be H, Cl, or F. The HFC/
HCFC molecule reacts with OH or O('D), giving rise to haloalkyl (R) radicals, labeled A in Figure 3.7.
Haloalkyl radicals add molecular oxygen rapidly (within 1 microsecond) to give haloalkyl peroxy radicals,
labeled B,. Haloalkyl peroxy radicals undergo a variety of reactions and within a few minutes are converted into
hydroperoxides (ROOH), labeled Bj; alkyl peroxynitrates (ROONO,), labeled Bj; and alkoxy (RO) radicals,
labeled C. As shown in Figure 3.7, a variety of processes (reaction with OH radicals, thermal decomposition, and
photolysis) return the hydroperoxides and peroxynitrates to the peroxy and alkoxy radical pool. While the
atmospheric lifetimes of hydroperoxides and peroxynitrates vary depending on their chemical identity and the
region of the atmosphere in which they are formed, these compounds typically have lifetimes in the range of
several hours to several days. Haloalkoxy radicals are reactive species and have lifetimes that are less than 1
second. There are several possible degradation pathways for the haloalkoxy radicals. Alkoxy radicals can
decompose by two different bond cleavage routes, C-C bond cleavage (path P1) to form fragments labeled D, or
C-Cl cleavage (path P3) to form the acetyl halide (CX;5CYO), labeled D,. For alkoxy radicals containing an -H
atom, reaction with O, (path P2) to form an acetyl halide is a possible atmospheric fate. The CX;CF,0 radicals
undergo C-C bond cleavage via path P1 exclusively. CF;CCl,0 and CF;CFCIO radicals decompose by C-Cl
bond cleavage (P3) exclusively. For CF ;CHFO radicals there are two important pathways. The first is C-C bond
scission and the second is reaction with

Table 3.4 Atmospheric Degradation Products of Selected Fluorocarbons

Fluorocarbon Structural Formula Intermediate Degradation Products Final Degradation Products
HCFC-22 CHCIF, CF,0 HF, HCl, CO,
HFC-23 CF;H CF,0, CF;0H HF, CO,

IFC-1311 CF;l CF,0, CF;0H HF, HI, CO,
HCFC-123 CF;CHCl, CF;C(0)Cl1 HCI, CF;COOH
HCFC-124 CF;CHCIF CF;C(O)F HCI1, CF;COOH
HFC-125 CF;CHF, CF,0, CF;0H HF, CO,

HFC-134a CF;CH,F HC(O)F, CF;0H, CF;C(O)F, CF,0 HF, CF;COOH, CO,
HFC-227ea CF;CHF CF; CF;0H, CF;C(O)F, CF,0 HE, CF;COOH, CO,
HFC-236fa CF;CH, CF; CF;CO CF;, CF;0H, CF,0, CO HF, CO,

PFC-218 CF;CF, CF; HF, CO,

PFC-31-10 CF;CF,CF, CF; HF, CO,

Copyright © National Academy of Sciences. All rights reserved.
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CX3CYZH (HFC/HCFC)
OH, O(1D)

\ 4
A | cx,cvze)

0

H \ NO2
CXiCYZOOH q%p CX,CYZOO*) chgm’zogﬂa

B ] [B,] B

D2

A CX3COOH
ol CQ CO2-HF  (goreg TFA)
¢ (*)CYO

CX70 or CF3;0H

Figure 3.7

Degradation pathways for haloethane of the form CX3CYZH, where X = Cl or F, and Y and Z can take the form of
H, CI, or F. The symbol "(*)" denotes a radical species, and D denotes thermal decomposition. Source: Adapted
from R.A. Cox and R. Lesclaux, "Degradation Mechanisms of Selected Hydrochlorofluorocarbons in the
Atmosphere: An Assessment of Current Knowledge" in Scientific Assessment of Stratospheric Ozone: 1989, Vol.
II, World Meteorological Organization, Global Ozone Research and Monitoring Project—Report No. 20, Geneva
(1990); and T.J. Wallington, W.F. Schneider, D.R. Worsnop, O.J. Nielsen, J. Sehested, W.J. Debruyn, and J.A.
Shorter, "Environmental Impact of CFC Replacements—HFCs and HCFCs," Environ. Sci. Technol. 28,
320A-326A (1994).
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O,. The relative importance of these two processes is dependent on temperature, O, partial pressure, and
total pressure. Because of this dependence, the branching will vary with altitude. For example, recent laboratory
measurements*>** for the CF;CHFO radical decomposition indicate that approximately 30% of these radicals
will degrade to CF;C(O)F. CX;CH,O0 radicals react with O, to form the aldehyde, CX; CHO, and HO, radicals.
The aldehydes and acid halides are soluble in water and will then react further to form halogenated acids or
hydrogen halides and carbon dioxide. The probable degradation products for the haloethanes are summarized in
Table 3.4.

CF,CHXCF,

l OH, NO

CF,CXCF,

X=F (HFC- zz?fy YH (HFC-236f3)

CF,CF + CF,
o

photalysis
or hydrolysis

/
-+ O=0
\

CF,, CO

Figure 3.8
Degradation scheme for halopropanes.

In the atmosphere CF; radicals form CF;0 radicals, which react with hydrocarbons and NO to give CF;OH
and COF,, respectively.*> The atmospheric fate of COF,, CF;0H, and the acetyl halides is dominated by
incorporation into cloud-rain-seawater followed by hydrolysis. Hydrolysis of CF ;COF (produced by HCFC-123,
HCFC-124, and HFC-134a) gives trifluoroacetic acid, CF;COOH. Hydrolysis of COF, and CF;0H gives HF and
CO,, which, at the concentrations expected from HFC degradation, are of no environmental concern.

Degradation Schemes for Halopropanes

Two partially fluorinated propanes are under consideration as halon replacements: HFC-227ea
(CF;CHFCF;) and HFC-236fa (CF;CH,CF;).

Atmospheric oxidation of HFC-227ea gives rise to CF;C(O)F molecules and CF; radicals (Figure 3.8).4047
The fate of the CF; fragments is discussed in the section immediately above. The atmospheric fate of CF;C(O)F
is incorporation into rain-cloud-seawater, followed by hydrolysis to give trifluoroacetic acid, CF;COOH.

Atmospheric oxidation of HFC-236fa gives hexafluoroacetone (CF;COCF 3).*® The fate of CF;COCF; is
either photolysis or interaction with water surfaces. While the relative importance of these two processes has not
been measured, it seems likely that they are of comparable importance. The lifetime of CF;COCF; with respect
to photolysis has been estimated to be 3 days.*” Photolysis will generate CF; radicals and CO. CF; radicals are
converted into CF;0 radicals that are converted into

Copyright © National Academy of Sciences. All rights reserved.
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COF,, which is then hydrolyzed to give HF and CO,. Hydrolysis of CF;COCF; produces the sesquihydrate CF;C
(OH),CF3, the fate of which is unknown.

Atmospheric Degradation of Perfluorocarbons

The atmospheric degradation of perfluorocarbons (PFCs; CF,, C,F¢, CsFg, C4F, etc.) has been investigated
by Ravishankara et al.>® The usual mechanisms by which organic compounds are removed from the atmosphere
—such as reaction with OH radicals and with O(’P) atoms, and photolysis in the lower atmosphere—are of no
importance for perfluorocarbons. As a result, perfluorocarbons have extremely long atmospheric lifetimes (2,000
to 50,000 years). Ravishankara et al.’! reported that the most important removal mechanism for perfluorocarbons
is photolysis by absorption of Lyman- vacuum UV radiation at 121.6 nm at high altitudes (> 60 km) in the
mesosphere and thermosphere. Two perfluorocarbons are currently under consideration as halon replacements:
PFC-218 (C5Fg), and PFC-31-10 (n-C4F,(). By analogy to the existing database for other perfluorocarbons, it is
anticipated that the atmospheric lifetime of these compounds is 2,000 to 3,000 years.’> As discussed above, the
long atmospheric lifetimes of PFC-218 and PFC-31-10 lead to high GWP values for these species. Photolysis of
PFC-218 and PFC-31-10 will give CF;, C,Fs, and C;F; radicals. These radicals are the same as those produced
in the atmospheric degradation of HFC-23 (CF;H), HFC-125 (C,FsH), and HFC-227ca (C,FsCF,H), and their
atmospheric transformation into the final products shown in Table 3.4 is well established. There are no known
closed-shell (i.e., non-radical) intermediate degradation products of PFCs.

Assessment of the Environmental Impacts—ODP and GWP—of the Intermediate Products

Since the ODP and GWP are relative measures on a per unit mass basis, it is important to look at the
atmospheric concentration of a degradation product relative to that of its respective parent compound. There
appears to be no long-lived intermediate that will lead to high concentration in the atmosphere. While there has
been one report that in the presence of O, microbial degradation of trifluoroacetic acid (CF;COOH) produces
CHF;, which has a lifetime of several hundred years, other workers have been unable to reproduce this result.>*
The available evidence shows that the contributions to indirect GWP of the atmospheric degradation products of
HFCs, HCFCs, and PFCs are negligible compared to the direct GWP of the parent compounds.

There have been suggestions that CF;0, radicals formed by CF; fragments may react with ozone in
catalytic cycles, leading to depletion of stratospheric ozone. However, recent modeling and laboratory studies>
36,57 and work by Wallington et al.’® have shown that there is no impact of CF;0y, or any other HFC degradation
intermediate, on stratospheric ozone. As with HFCs, perfluoroalkanes have no impact on stratospheric ozone.>

Questions have also been raised as to whether intermediate products (if they contain chlorine and bromine
atoms) can act as carriers of additional chlorine/bromine atoms from the troposphere to the stratosphere. These
questions have been answered by recent experimental studies that have shown that the lifetimes of the
intermediate products are much shorter than the transport time to the stratosphere, and hence the intermediate
oxidation products do not act as carriers of chlorine/bromine atoms to the stratosphere.

Accumulation of Degradation Products in the Biosphere

Given the expected emission rates and the kinetic data available, it is unlikely that the concentrations of the
intermediate products in the global atmosphere will approach the parts per trillion level. Hydrolysis of COF, and
CF;0H gives HF and CO,, which, at the concentrations expected from HFC degradation, are of no
environmental concern. Trifluoroacetic acid (CF;COOH) has been identified as a

Copyright © National Academy of Sciences. All rights reserved.
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degradation product in several of the candidate agents for fire extinguishment Thus far, no biotic or abiotic
destruction mechanism has been clearly established for CF;COOH, and consequently it is thought to be quite
stable in water.®® CF3COOH is not toxic toward animals but does have a mild herbicidal effect.®! The global
average concentration of CF ;COOH expected in rainfall as a result of the atmospheric degradation of HFCs is
many orders of magnitude below that observed to have an impact on plant systems.®> However, uncertainties
concerning the persistence of CF;COOH in ground water allow for the possibility that CF;COOH could
accumulate in seasonal wetlands over long time periods ( =100 years).®3 Very recently, Frank et al.% have
reported the detection of CF;COOH in lake, river, spring, and ocean water samples at levels which are orders of
magnitude greater than can be accounted for by man-made emissions. The work of Frank et al. implies that there
are large unknown sources of CF;COOH. It seems unlikely that the concentration of CF;COOH formed during
the atmospheric degradation of the halon replacement compounds will have any significant adverse global
environmental impact. Research is needed to better establish the environmental inventory and fate of CF;COOH.
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4

Navy-Specific Issues

Halons are recognized as ideal fire extinguishing agents, particularly for fighting fires caused by flammable
liquids and explosive gases. They are highly effective in extinguishing fires in minimal time. They are non-
corrosive and, when deployed at the recommended volume densities, they are non-toxic. Because of these
characteristics, halon 1301 (a total flooding agent) and halon 1211 (a streaming agent) are widely used on board
Navy ships, in aircraft, and at shore facilities, as they arc throughout the civil sector.

Unfortunately halons do contribute to depletion of Earth's ozone layer, a peril recognized by the 1987
Montreal Protocol. Even though lower in emissions than their refrigerant cousins, the greater ozone-depleting
characteristics of halons per pound have resulted in a mandated cessation of production in the United States,
some 25 years after halons were introduced in the Navy as fire extinguishing agents.

Under an executive order effective in January 1994, halons can no longer be manufactured in the United
States. But because of the difficulty of finding a suitable fire extinguishing substitute for halons 1301 and 1211,
the military services are permitted to use these chemicals for mission-critical purposes, such as fire fighting, in
existing platforms (ships, aircraft, weapons, vehicles) until the current halon supply or "bank" is exhausted. Each
service is expected to live within its own halon budget, and transfers between service accounts are permitted only
with approval of the Secretary of Defense. The hope, then, is that (1) the Navy's halon supply is sufficient to
protect existing platforms until they are retired from service or scrapped, and (2) there is sufficient time to
develop and test suitable replacement fire extinguishing agents and dispensing systems for next-generation
platforms.

In its deliberations, the committee recognized the importance of assessing the potential and need for finding
a drop-in halon replacement, given the challenge faced by the Navy to reduce the risk, or perception of risk, to
combat readiness and peacetime safety that might flow from either early rescission of authority to use halon—a
possible result of increasing international pressure to stop any use of halon—or the exhaustion of halon supplies
that could result from now unforeseen demands of a prolonged, major war on the scale of World War II, Korea,
or Vietnam.

In assessing the potential for finding a suitable drop-in, the committee began with the postulate that any
replacement agent or system must possess at least five attributes: (1) performance that meets the fire
extinguishing requirement, (2) low toxicity, (3) acceptable environmental properties, (4) size and weight that can
be accommodated on existing platforms, and (5) procurement and installation that are not prohibitively
expensive. The committee accepted the premise that such a replacement, if identified, would very likely not
match the exceptional fire extinguishing performance of halon on a space and weight basis, but also that it need
not do so. What matters more is adequacy of performance, feasibility of installation, and affordability.

Determining the need for a drop-in agent involved assessing (1) the probability that halon systems now
installed may have to be replaced and (2) the effectiveness of non-halon systems the Navy has selected for its
next-generation ships and aircraft as well as the feasibility of installing them in current platforms. In addressing
these issues, the committee sought answers to the following key questions: Is the Navy's supply of halon
sufficient to last until the current classes of ships and aircraft are retired from service? Are the halon replacement
systems selected by the Navy for new-design ships and aircraft (HFC-227ea, water mist, HFC-125, gas
generator) adequate in performance and environmentally satisfactory? Is retrofit of HFC-227ea/water mist
(ships) and HFC-125/gas generators (aircraft) into existing platforms technically feasible? What is the estimated
cost of retrofit? Is a drop-in replacement for halon very near at hand, a scientific possibility in some reasonable
time if sufficient resources are applied, or an illusory target unworthy of investing R&D funds?
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This chapter summarizes current halon 1301 ship and aircraft installations and the Navy's investment in
halon systems, discusses systems planned for new-design ships and aircraft, assesses the current and projected
status of the Navy's halon inventory, and finally, examines the potential for retrofit of non-halon systems into
existing platform designs. The chapter closes with the committee's findings and recommendation on Navy-
specific management issues. Halon systems in shore facilities were not considered by the committee since these
do not fall into the mission-critical category and are to be replaced by the year 2000. Appendix A takes a brief
historical look at the introduction of halon fire extinguishing systems in the Navy and discusses in some detail
the Navy's need for and use of extinguishing systems currently installed aboard ships and aircraft.

SHIP SYSTEMS

Summary of Halon 1301 Ship Installations

Table 4.1 lists all halon 1301-equipped ships in commission today as well as those current designs with
units yet to be built. It can be seen that some 1.4 million pounds of halon are now installed, with 441,000 pounds
scheduled for commitment to new-construction vessels in the future.

A review of the decommissioning schedule shows that few ships will be removed from active service for
the next 15 to 20 years. Beginning in 2015, however, the pace of decommissioning picks up and, by 2025, over
50% of the currently installed halon systems will have been taken out of service, with the largest contributors to
this halon reduction being LPD-4 class amphibious ships, FFG-7 class frigates, DD-963 destroyers, and the
remaining fossil-fueled aircraft carriers.

Looking at the halon 1301-equipped ships yet to be built, the DDG-51 class Aegis destroyers appear to
warrant special attention. Thirty-seven of these vessels are scheduled to be built in the future, with construction
phased by blocks or "flights" in which accumulated design changes are incorporated. The 37 ships will each
require 8995 pounds of agent for a total of 332,815 pounds of installed halon 1301.

Not shown in Table 4.1 are. ships of the Military Sealift Command (MSC). As of August 1996, MSC
operated 46 ships incorporating 331 halon 1301 systems containing 509,000 pounds of agent. The committee
understands that MSC vessels fall outside the normal purview of the Office of Naval Research and the Naval Sea
Systems Command, and therefore, details of installations and MSC's plans for the future were not considered
during the course of the study.

Investment in Ship Halon Systems

The committee inquired into the investment the Navy has made to date in halon 1301 installations in the
current fleet. Taking the mix of ship sizes in the various classes, NavSea engineers calculated that the average
cost for an individual system in today's dollars is about $300,000. Installation of piping, bottles, and control
equipment accounts for $275,000, with the remaining $25,000 being the cost of hardware and agent. Multiplying
this average cost by the total number of systems listed in Table 4.1 yields an investment of $665 million. And if
new-construction plans are executed as now planned and shown in the table, this figure will grow by another
$166 million to an investment totaling $831 million. To make the investment picture complete, the cost of
RDT&E would have to be added, but this information was not available to the committee.

Fire Extinguishing Systems for New-Design Ships

The Navy is shifting to non-halon systems in its next-generation, new-design ships. These include the
LPD-17 amphibious ship class, the next aircraft carrier (CVN-76), and a proposed new surface combatant class
(SC-21) that will follow the DDG-51 production run.
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In choosing a fire extinguishing approach for these new ship designs, the Navy evaluated a wide range of
new technologies to replace halon 1301. After extensive testing, heptafluoropropane (HFC-227ea), a
commercially available gaseous agent, and a Navy-designed high-pressure water mist system were chosen.
Either system has fire extinguishing performance at least equivalent to that of halon 1301.

In the LPD-17, water mist will be used in the machinery spaces and HFC-227ea elsewhere, with the former
chosen because of lower cost. The CVN will employ HFC-227ea solely, since no requirement exists for main
machinery space systems. The SC-21 ship design is still in the concept stage, and decisions about fire
extinguishing systems have yet to be made.

HFC-227ea

The HFC-227ea total flooding gas system, largely using existing 600-psi halon 1301 hardware, is to be
installed in flammable liquid storage and issue rooms as well as other small segregated compartments in both the
LPD-17 and CVN-76. These systems are relatively small in size (<< 100 b of agent) and function identically to
today's halon 1301 systems.

Water Mist

Water mist technology has recently been the subject of considerable interest because it offers lower water
demand (than standard water sprinkler systems) and the promise of the ability to extinguish fires in obstructed
spaces (a key feature of halons and other gaseous agents). Advantages include low agent cost, absence of toxicity
and environmental problems, effectiveness in suppressing flammable liquid pool and spray fires, and potential
for explosion suppression. Details of developments in the field are presented in Appendix D. Water mist systems
employ high pressures (circa 1000 psi) and nozzles designed to produce drops distributed about the 100-micron
size range. Drops smaller than 50 microns in diameter begin to exhibit characteristics of a gas, resulting in lower
fallout losses and to some extent, the ability to diffuse around obstructions.

The Navy has subjected commercial and Navy-designed water mist systems to extensive testing in the ex-
USS Shadwell facility. As a result, the Navy-designed system has been chosen for use in all machinery spaces in
the LPD-17, an amphibious ship class of new design. The system is driven by two independent 250-hp pumps,
supplying water at 1000 psi to nozzles in each space.

The arrangement of the machinery spaces in LPD-17 makes for a particularly efficient system. Redundant
pumps are provided, forward and aft, and valving arrangements direct water to any space using either of the two
pumps. Nozzles are installed with approximately 100-sq.-ft spacing, with water flow in the range of 2- to 3-gpm
per nozzle. Nozzles are positioned in a uniform grid pattern in the overhead of each space and at the intermediate
deck level.

The high water flow demand of the system, that is a disadvantage of the Navy design, precluded the use of
pressurized water cylinders because of the significant space, cost, and weight impact. Hence, pumps were the
only feasible option. Each pump motor is in the range of 200 hp, supplying 225 gpm at 1000 psi. Modem
electrical power distribution systems in these new ships incorporate improved survivability features, and the
Navy feels confident that a reliable power source will be available for the pumps even under battle damage
conditions.

While the water mist system is effective, has no adverse environmental impact, and makes economic sense
in the large space application, it is at present less suited for use in small spaces spread about a ship. In such
instances, a water mist system may be more expensive and heavier than an HFC-227ea system because of the
need for piping and pump redundancy, just the reverse of the large, concentrated machinery space application.
To address this shortcoming, the Navy has funded an R&D program to evaluate a water mist system for small
spaces which employs pressurized water containers rather than a pump system.
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AIRCRAFT SYSTEMS

Summary of Halon 1301 Aircraft Installations

Table 4.2 lists all naval aircraft that have halon 1301 fire extinguishing systems installed, indicating the type
and number of aircraft, the year the model goes out of service, halon application, and system weight. With the
exception of the S-3, all multiengine planes are equipped with engine bay/nacelle extinguishers and all cabin
aircraft carry portable bottles for hand-held use. Planes with auxiliary power units are protected, and the F- 14
also has a system covering an area above the wing, aft of the cockpit, which has proven to be vulnerable to
hydraulic fluid fires. The retirement of the A-6E attack plane in 1997 will remove the only halon inerting system
in the naval aviation inventory. No existing naval aircraft employs halon for dry bay fire extinguishing purposes.

Significantly, the total quantity of halon installed in naval aircraft is a small fraction (5%) of that in ships—
65,000 Ib versus 1.4 million Ib. Proportionally, however, the aircraft contribution to annual halon releases is far
greater than that of ships, constituting some 40% of the total. The Navy is working actively to reduce these
releases of halon from aircraft and has succeeded in lowering the annual release rate by over one-half in the last
4 years.

Investment in Aircraft Halon 1301 Systems

As with ships, the committee was interested in determining the investment the Navy has made in halon
1301 aircraft systems. Upon request, engineers oft he Naval Air Systems Command analyzed one aircraft type in
each of four size categories—very small, small, medium, and large, similar to the SH-60, F-18C/D, P-3, and
C-130, respectively. As in the ship case, the halon 1301 system cost for an individual aircraft was determined by
adding installation, hardware, and agent cost elements. This figure was, in turn, multiplied by the number of
aircraft in the respective size category to obtain a category subtotal. Combining the four categories resulted in a
total amount, in 1996 dollars, of $140 million. While this figure is based on a somewhat cursory analysis, it
nevertheless gave the committee a rough approximation of the halon 1301 investment in the Navy' s current fleet
of aircraft. To get a complete investment picture, the cost of installing halon systems in aircraft still being
manufactured (e.g., F-18C/D) would, of course, have to be added as well the cost of initial system RDT&E;
however, this information was not available to the committee.

Fire Extinguishing Systems for New-Design Aircraft

The Navy is shifting to non-halon fire extinguishing systems for its next-generation, new-design aircraft,
and the proposed Joint Strike Fighter (JSF) will use an alternative system as well. Two approaches have been
selected and tested for use in the next naval aircraft, the F-18E/F and V-22. The JSF will not enter engineering
and manufacturing development until the turn of the century; hence, the fire extinguishing needs and technical
approach for this joint services aircraft have not yet been selected.

HFC-125

The V-22 will employ both new approaches—an HFC-125 compressed gas system and one based on new
inert gas generator technology. HFC-125 liquefied gas, the 1301 replacement selected by the three military
services, will be used in the engine bays. These HFC-125 systems are identical in architecture and function to
current halon 1301 systems, except that three times the weight of agent is required to meet the fire extinguishing
requirement. Gas generators will be employed elsewhere in the V-22 and in both engine bays and dry bay areas
of the F-18E/F. Gas generator technology and its specific application in these two new aircraft are discussed
below.
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Inert Gas Generator Technology

Inert gas generator technology for aviation fire extinguishing applications has been developed almost
entirely by the Naval Air Systems Command. While the underlying propellant technology is well understood,
extension to fire suppression applications has posed significant development and engineering challenges.

The technical basis for the suppression of diffusion or premixed hydrocarbon/air flames with inert gases is
well established. Extinction of flames will occur at a specific concentration of an inert gas in air. There are
differences in extinguishing concentration with fuel type, atmospheric pressure, and oxygen concentration, but
the basic principle has been well established. However, design of a propellant system that will produce adequate
quantities of inert gas quickly enough and distribute the gas to all locations in a high-air-flow environment is a
substantial challenge.

An analogous technology, combustion-generated aerosols or pyrotechnically generated aerosols, has been
used as a halon replacement. In these devices, a combination of solid propellant and binder produces a mixture of
inert gases and fine solid particulate. The solid particulate is, in principle, a more efficient fire suppressant than
are inert gases only. These technologies have been pursued overseas following initial development in the USSR.

The inert gas generator system developed and tested by the Navy is designed to retain most of the solids
inside the generator and to minimize the discharge of particulate into the engine or dry bay. This helps to resolve
the issue of collateral damage associated with combustion-generated aerosols and simplifies agent mixing and
the distribution problem.

The performance requirements for the two aviation uses (engine bay and dry bay) of inert gas generators are
substantially different. The engine bay threat is a liquid fuel diffusion flame in a complex flow geometry with
high air flow rates. The system must discharge within a few seconds and produce sufficient agent to extinguish
the diffusion flame at any location in the engine nacelle. Challenges include a widely variable air flow, numerous
flame stabilization points, and a highly obstructed flow geometry.

Protection of aviation dry bays requires suppression of an incipient premixed liquid/fuel aerosol in the
presence of a hot ignition source. This is in effect an explosion or deflagration suppression problem. Here, the
requirement is for detection and suppression of the explosion kernel within of tens of milliseconds. The agent
must be produced and distributed throughout the protected volume or directed locally around the explosion
kernel. Sufficient duration of agent flow must be provided to prevent reignition of the fuel or flashback from a
remote unextinguished flame.

Inert gas generators rely on the production of CO, or nitrogen at high rates through the combustion of solid
propellants. As shown in Figure 4.1, the hardware and process are analogous to sodium azide air bag inflators in
automobiles.

F/A-18E/F Engine Nacelle/Dry Bay

The inert gas generator system developed for the F/A-18E/F engine bay and tested in real-scale live fire
testing demonstrated equivalent or lower space and weight requirements relative to one using halon 1301.
Although a thin film of particulate is developed within the engine bay, its impact has been determined to be
inconsequential.

Inert gas generator systems were also developed for F/A-18E/F dry bay deflagration suppression. These
systems use multiple (6 to 10) gas generators, actuated by 1 of 14 optical (flame) fire detectors. The gas
generators are fired in either a fixed sequence or in a sequence determined by which of the 14 optical detectors is
first triggered. A typical system employing gas generators is similar to a halon 1301 installation for
extinguishing engine fires (see Figure A.3, Appendix A) except that the generator replaces the halon bottle.

The configuration currently being tested consists of six 157-gram gas generators, 14 optical fire detectors,
and a fixed generator firing sequence. These tests are being performed on an F-18C test platform.
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Figure 4.1
Typical azide inflator used in automotive industry; not for use in aircraft.

V-22 Midwing Protection

Inert gas generators are also being used to protect the midwing and wing bay volume of the V-22. This area
of the aircraft must be protected as one single volume due to the multiple flow paths for both fire suppression
agent and fuel/flame. The design of inert gas systems for the midwing required optimization of propellant
loading for fire extinguishment with simultaneous minimization of the threat of overpressurization due to
excessive gas production. In addition, a generator firing controller and associated logic were developed to
actuate the needed generators in the proper sequence to locally extinguish the fire and to maintain an inert
atmosphere long enough to prevent reignition or flashback.

The final design consists of 17 gas generators of five different sizes and 16 optical detectors with the
requisite generator sequencing and detection logic. This design has been subjected to actual-scale live fire testing
and was successfully qualified.

Inert Gas Generator Development Summary

Inert gas generators for naval aviation applications have been shown to be an effective replacement for
halon 1301. They have demonstrated performance similar to that of halon 1301 in high-challenge engine nacelle
fires, with space and weight requirements lower than those for halon 1301. The rapid development, qualification,
and deployment of this technology into the F/A-18E/F and V-22 is a remarkable achievement, accomplished
almost wholly within the naval aviation community, and is certainly worthy of special note.

Given the flexibility of the design and the low space and weight requirements, the gas generator may be a
suitable candidate for retrofit replacement of halon 1301 systems in selected existing aircraft should that become
necessary in the future. However, an impediment to arriving at a decision to retrofit such a system or to
incorporate gas generators into new designs is the insufficiency of engineering tools for evaluating gas generator
performance, notably in the flow, mixing, and flame extinction processes, thereby causing undue reliance on
expensive and time-consuming full-scale tests. Adaptation of existing fluid flow and combustion models to inert
gas generator systems would greatly facilitate future design efforts, with potential significant cost and time
savings resulting from a reduction in requirements for full-scale testing.
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NAVY HALON INVENTORY

The committee inquired into the amount of halon installed in ships and aircraft, its predicted usage over the
various platform life spans, and the status of non-installed halon reserves available to the Navy, sometimes
referred to as the "bank" or "stockpile." By direction of the Office of the Secretary of Defense, halon reserves are
under the central control of the Defense Logistics Agency. However, each military service has been allocated a
portion of this reserve in accordance with its predicted needs at the time the Executive Order was issued banning
halon production in the United States.

The Navy manages its halon usage, recycling programs from ships and aircraft going out of service, and
withdrawals from the reserve. Like the other services, the Navy is expected to meet future needs for halon 1301
by recycling, reducing releases caused by human error, and emphasizing a lower-release approach in training.
Shortfalls are made up by drawing from the reserve allocation, within which the Navy is expected to remain
unless authorized to exceed the limit.

Table 4.3 contains projections of halon use, anticipated recovery of halon from retiring ships and aircraft,
and the resultant impact on the Navy halon reserve out to the end of the service lives of the various halon-
equipped platforms. While ship and aircraft counts can be expected to change somewhat from year to year, and
usage and recovery data revised as recovery experience is gained and data collection methods improved, the
presentation nevertheless highlights several points of note.

First, aircraft account for only a minute portion of the installed base of halon while contributing 40% of the
releases. Second, as Figure 4.2 shows graphically, the reserve is projected to be depleted gradually over the years
through releases and new installations until reaching a low point in the 2030 time period. After this, the reserve
gradually builds due to recycling and lower annual releases occasioned, in turn, by there being fewer halon-
equipped ships in service.
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Figure 4.2

Navy total halon 1301 reserve bottom shaded portion of bars) including Military Sealift Command (MSC) reserve
quantities and net usage. Note, however, that number of MSC ships (46 ships currently) and installed charges
(approximately 0.5 million Ib currently) are not included. The installed base on ships is indicated in the middle
portion of each bar, and the installed base on aircraft at the top of each bar.
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NOTES FOR TABLE 4.3:

1. NAVAIR inventory, installed charge, and requirements data are from the beginning of FY 1995 through the end of FY 2028.

2. The hull and aircraft numbers are the average numbers in service throughout the respective fiscal years. This applies to the installed
charge values as well.

3. Analysis includes projected net usage of 136 1b per year for MSC from FY 1995 through FY 2005.

4. Stockpile balances on September 30, 1995, and July 1, 1996, are the starting balance on January 1, 1995, net of the total Defense
Supply Center and Cheatham Annex issues and returns to DSC, to date. Beyond July 1, 1996, the stockpile balance is estimated using the
projected usage and recovery for each fiscal year.

5. The NAVSEA recovery rate is assumed to be 70%.

6. NAVSEA hulls and installed charges do not include any landing craft air cushions.

Finally, the Navy has about $29 million invested in the halon 1301 reserve based on a recent large-purchase
price of $12/lb. At the current market price for small lots, the value of this reserve could be as high as $85
million. It is anticipated that the price will rise as time passes and as the impact of manufacturing cessation is felt
worldwide.

Assuming that the predictions are accurate, it appears that the Navy has sufficient agent in hand to support
halon-equipped ships and aircraft until they go out of service. This conclusion is valid so long as the United
States is not involved in a major war, there is no rescission of the current authorization to use halon for military-
critical purposes, and the Navy's inventory is well managed. Given the minimal reserve forecast at the 2030
stockpile nadir, however, the Navy may wish to consider adding modestly to its reserve in the near term as a
hedge against uncertainty or, alternatively, electing to install non-halon fire extinguishing systems in selected
new-construction vessels such as the DDG-51.

RETROFITTING NON-HALON SYSTEMS IN EXISTING SHIPS AND AIRCRAFT

When it came to a consensus that a "no-penalty” drop-in substitute for halon 1301 was not anywhere near at
hand, the committee thought it prudent to explore the technical feasibility and cost of retrofitting, in existing
platforms, the fire extinguishing system approaches already selected for new-design ships and aircraft. The
committee thought it important to make such a determination as a hedge against the possibility, however
unlikely, that use of halon might be proscribed before existing ships and aircraft were retired or that the reserves
might prove to be insufficient because of mismanagement or future unanticipated high usage. The systems
considered were HFC-227ea and water mist for ships, and HFC-125 and inert gas generators for aircraft, all of
which have been described previously.

Ship Retrofit

HFC-227ea Systems

Since more than twice the weight and storage volume of HFC-227ea, relative to halon 1301, is required to
achieve adequate extinguishing performance, it is not possible to replace halon 1301 with HFC-227ea without
making hardware changes to the system. In retrofitting either modular or manifold (or banked, distributed)
systems, changes to nozzle design and location may be required in addition to modifications to piping.

Replacement of modular systems with higher-capacity and/or additional cylinders poses no particular
technical problems. Space could likely be found for larger or additional cylinders in the machinery spaces
requiring protection.

Copyright © National Academy of Sciences. All rights reserved.
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Retrofitting manifold (banked) systems would pose a more difficult challenge. This is related partially to the
need to markedly increase the quantity of stored agent in bottles located in what may be a confined manifold area
rather than being able to place them more easily throughout the protected space proximate to the nozzles, as in
the case of modular installations. Further, there would an attendant need for long runs of larger-diameter piping
connecting the manifold with the nozzles in order to meet the requisite 10-second discharge time.

For this reason, a hybrid approach has been developed as a way to meet the special retrofit needs of certain
manifold ships. This concept involves replacing halon 1301 with HFC-227ea directly in the existing manifold
cylinders and also adding modular units with their own nozzles to make up the additional HFC-227ea required.
Questions of nozzle location, nozzle design, and the ability of these two systems to function efficiently,
particularly with respect to agent distribution and mixing, are as yet unresolved.

A second alternative approach for manifold ships would involve acceptance of some operational risk. Here,
if a particular ship class has limited space to accommodate additional HFC-227ea bottles, eliminating the
"second shot" capability in those manifold ships now so equipped would make space available for the additional
required HFC-227ea.

Water Mist Systems

Retrofitting water mist systems using the current Navy design concept would entail substantial ship
modifications. Two pump rooms, for which space may not be available, and the addition of hundreds of feet of
pipe would be required. While this might be technically feasible if sufficient space for pump and motor sets were
available, the cost associated with the necessary ship modifications, particularly the addition of high-pressure
piping, would make ship retrofit with the current generation of water mist systems not feasible overall.

Thus, the cost-effective approach to ship retrofit would be to install HFC-227ea-based gaseous flooding
systems that would make maximum use of existing halon 1301 hardware.

Technical Feasibility and Cost

Based on discussions with naval personnel and NAVSEA engineers, the committee believes that retrofitting
with HFC-227ea is technically feasible subject to the constraints cited above. This view is corroborated by
results of a recent study of four ship classes by the Navy wherein it was determined that retrofit with HFC-227ea
was indeed feasible. The cost and the impact on weight and space are shown in Table 4.4.

While the water mist system shows considerable promise for new ship designs, the belief is that HFC-227ea
would be the less costly retrofit approach. Further, the Navy technical community feels it is premature to make a
judgment as to the retrofitability of a water mist system given its state of relative immaturity, a position with
which the committee agrees.

The committee thought a rough estimate of the cost of converting the Navy' s current fleet from halon 1301
to HFC-227ea would be informative. In reviewing the results of the detailed ship studies (see Table 4.4), it was
noted that the total cost for hardware, agent, and installation for each ship, arrived at quite independently, was
about $82 per pound of currently installed halon 1301, a minimum estimate. Applying this factor to the amount
of halon aboard today's ships yields a figure of about $120 million as the cost of conversion from halon 1301 to
HFC-227ea. To this must be added the cost of ships not yet built (principally DDG-51s), necessary engineering
support and testing, and an estimation reserve. Thus, for $200 million to $300 million the Navy could equip all
its ships with non-halon fire extinguishing systems. This figure would of course decrease over time as ships
retire from active service.

Copyright © National Academy of Sciences. All rights reserved.
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Table 4.4 Estimated Impacts and Cost for Backfit of HFC-227ea in Selected Ships

SPACE 125-LB HFC-227ea TOTCYL CYLWT PIPEWT SQFT MATL INSTL
HALON  PERSHOT DELTA DELTA DELTA DELTA COST(5) COST ($)
SHIP:
LHA-1*
MMRI 19 48 29 12,760 3,154 45 135,822 118,320
MMR2 23 58 35 15,400 3,806 55 164,072 142,800
AMR 8 20 12 5,280 1,305 19 56,500 48,960
EDGRI 5 13 8 3,520 870 13 36,947 32,640
EDGR2 3 8 5 2,200 544 8 22,822 20,400
IPS FWD 2 5 3 1,320 326 5 14,125 12,240
JP5 AFT 1 3 2 880 218 3 8,697 8,160
FPR FWD 4 10 6 2,640 853 9 28,250 24,480
TOTAL 44,000 10,875 156 $467,235 $408,000
TOTAL WT CHANGE (LB) 54,875
TOTAL EST COST $875,235
SHIP:
LHD-1°
MMRI1 38 48 58 25,520 3,154 91 168,012 236,640
MMR2 46 58 70 30,800 3,806 109 202,922 285,600
AMR 20 25 30 13,200 1,631 47 87,275 122,400
EDGRI 5 13 8 3,520 870 13 36,947 32,640
EDGR2 3 8 5 2,200 544 8 22,822 20,400
JP5 FWD 4 10 6 2,640 653 9 28,250 24,480
JP5 AFT 3 %60 4 4 852 435 6 12,212 16,320
LCAC PR 3x60 4 4 852 435 6 12,212 16,320
HOLD #10 6 15 9 3,960 979 14 42,375 36,720
AVN 2x95 4 4 928 435 6 12,644 16,320
1-103-1-A 1x15 1 x 60 1 68 109 2,147 4,000
2-H-0-K 4% 60 5 5 996 544 8 15,913 20,400
2-13-1-K 2x10 1 x 60 1 0 109 2 2,147 4,000
2-13-7-Q 1 %95 2 2 464 218 3 6,322 8,160
TOTAL 86,000 13,920 322 $652,201 $844,400
TOTAL WT CHANGE (LB) 99,920
TOTAL EST COST $1,496,601
SHIP:
CVN-68*
EDGRI 5 13 8 2,560 870 13 36,947 32,640
EDGR2 4 10 6 1,920 653 9 28,250 24,480
IPs #2 4 10 6 1,920 653 9 28,250 24,480
JP5 #3 3 8 5 1,600 544 8 22,822 20,400
STRM 2x15LB 1x95LB 1 80 ] -2 2,759 4,080
STRM 2x15LB 1x95LB 1 80 0 -2 2,759 4,080
HAZMAT 1 3 2 640 218 3 8,697 8,160
TOTAL 8,800 2,936 39 $130,484 $118,320
TOTAL WT CHANGE (LB) 11,896
TOTAL EST COST $248,804

Copyright © National Academy of Sciences. All rights reserved.
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SPACE 125-LB HFC-227ea TOTCYL CYLWT PIPEWT SQFT MATL INSTL
HALON  PER SHOT DELTA DELTA DELTA DELTA COST($) COST (5)
SHIP:

DDG-51°
ER1 20 25 30 13,200 3,263 47 87,275 122,400
ER2 22 28 34 14,960 3,08 53 98,192 138,720
AMRI1 10 13 16 7,040 1,740 25 45,827 65,280
GEN RM 6 15 9 3,960 979 14 42,375 36,720
GTM 1A/B 2x95 2x 125 2 88 0 3 4,379 8,160
GTM 2A/B 2x95 2% 125 2 88 0 3 4,379 8,160
SSGTGI 2x95 2x125 2 88 0 3 4,379 8,160
SSGTG2 2x95 2x125 2 88 0 3 4,379 8,160
SSGTG3 2x95 2x125 2 88 0 3 4,379 8,160
FLSR 1% 60 2x95 2 496 109 2 3,869 8,160
FL ISSUE 2x15 1x95 1 60 0 -2 2,759 4,080
TACTAS 2x125 (Deleted-sprinkling) -880 0 -3 3,000 15,000
TOTAL 39,276 9,788 152 $305,192 $431,160

TOTAL WT CHANGE (LB) 49,064

TOTAL EST COST $736,352

*Technical feasibility and cost confirmed by detailed engineering study.
"Technical feasibility and cost estimate based on preliminary study.
SOURCE: Naval Sea Systems Command.

Aircraft Retrofit

HFC-125 is the gaseous agent selected by the military services as an acceptable replacement for halon 1301
in aircraft. As with HFC-227ea in the ship case, a greater weight of agent will be required to achieve the required
extinguishing performance—two and one-half to three times the weight of halon 1301 required.

Since inert gas generator technology has not yet reached operational status and such a system must be
specifically tailored for each aircraft design, the gas generator is not considered a retrofit candidate at this time
by either the committee or the NAVAIR engineers.

NAVAIR provided Table 4.5, which depicts the retrofit potential of HFC-125 into the Navy's current fleet
of aircraft. Note that the Navy considers retrofit technically feasible for all planes with the exception of the P-3,
and even it could be accommodated if absolutely essential.

Based on the information given in Table 4.5, discussions with naval personnel, and inspection of typical
aircraft installations, the committee concurs that HFC-125 can be satisfactorily retrofitted into current aircraft at
some penalty in weight. Using a methodology similar to that employed in determining the investment in current
halon 1301 systems, NAVAIR estimates that it would cost about $620 million to convert the current fleet, a
figure that includes hardware, agent, engineering design, installation, and testing.

Copyright © National Academy of Sciences. All rights reserved.
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SUMMARY, FINDINGS, AND RECOMMENDATION

Halons 1301 and 1211 have served the Navy well as fire extinguishing agents for ships and aircraft since
their operational introduction in 1978. Some $1 billion are invested in halon-based fire extinguishing systems
hardware, engineering support, testing, installation, and the agent itself, both in platforms or in reserve.

Effective alternative chemical agents have been identified by the Navy and are being incorporated into the
design of new ships and aircraft. There is a weight and volume penalty associated with these agents relative to
halons, but the impact can be minimized if use of these agents is incorporated into the initial platform design. In
addition to these chemical replacement agents, there are promising alternative fire extinguishing systems. The
Navy is currently studying and testing water mist and inert gas generator systems and is incorporating these
systems into its new-design platforms.

It is technically feasible to retrofit, into existing platforms, non-halon fire extinguishing systems equipped
with the replacement chemical agents selected by the Navy for its new-design ships and aircraft. Such a program
would cost about $1 billion if executed in the near term, with the amount diminishing over time as ships and
aircraft retire from service.

The Navy has sufficient halon 1301 agent in hand to support halon-equipped ships and aircraft until they go
out of service. However, inventory projections point to a marginal reserve in the 2030 time period. To hedge
against uncertainty, miscalculation, or unanticipated high future usage, the Navy could consider increasing its
safety margin by buying recycled halon 1301 in the near term while prices are at a reasonable level.
Alternatively, the Navy could consider installing non-halon fire suppression systems in selected new-
construction vessels, such as the DDG-51, thereby increasing the halon 1301 reserve by some 400,000 pounds.

FINDING: Effective alternative chemical agents have been identified by the Navy and are currently being
incorporated into the design of new ships and aircraft. There is a weight and volume penalty associated with
these agents relative to halons, but the impact can be minimized if use of these agents is incorporated into the
initial platform design. Further, retrofit of these agents into existing naval platforms is technically feasible in
most cases.

FINDING: In addition to the chemical replacement agents, promising alternative fire extinguishing systems
such as water mist systems and inert gas generators are under consideration by the Navy for some applications.
These systems are being incorporated into new-design naval platforms.

Options

The committee sees several options available to the Navy for meeting its requirements for ongoing,
environmentally acceptable effective fire suppression in its ships and aircraft:

1. Continue on present course. Continue to implement selected alternative fire protection approaches in
new-design platforms. This option is based on the assumption that the current supply of halon 1301
set aside for Navy use will be sufficient for the remaining life of existing ships and aircraft. To
hedge against a potential shortfall in the halon 1301 inventory, the Navy could consider buying
additional recycled halon to augment the Navy bank and/or adopt alternative agents and
technologies in current-design ships not yet constructed, such as the DDG-51. Further, the Navy
should maintain, at the present level, its scientific and engineering research effort devoted to
developing alternative fire suppression agents and technologies.

Copyright © National Academy of Sciences. All rights reserved.
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2. Plan for retrofit. Draft retrofit engineering plans for contingency use to meet the possible need for
retrofit of existing ships and aircraft. This option would involve detailed study of retrofit potential
and preparation of engineering plans for installing alternative halocarbon agents, water mist systems,
and inert gas generators. Given this preparation, the Navy would be in a position to respond quickly
if the use of halon were restricted.

3. Seek the ultimate fire suppression agent. Fund a major research program directed toward finding a
drop-in replacement for halon.

Recommendation

The committee supports continuation of the present course and does not recommend that the Navy
underwrite a major new program to seek the ultimate halon 1301 replacement agent.

Copyright © National Academy of Sciences. All rights reserved.
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Appendix A
Halon Use by the Navy

WHY HALON? A HISTORICAL OVERVIEW

Extinguishing fires at sea has always been a matter of priority throughout maritime history, particularly for
navies, which are faced with the dual challenge of putting out fires caused by both accidental ignition and enemy
action. And crews of ships and aircraft share a common threat from fires—the potential for loss of life.
Understandably then, fire prevention and fire fighting readiness are major concerns of captains and pilots as well
as senior commanders.

The Navy follows the general practice of categorizing fires by type of fuel—Class A for paper, wood, and
general combustibles, B for flammable liquids, C for electrical, and D for metals. The frequency of occurrence
and seriousness of a class of fire and the impact on occupants vary considerably between ships and aircraft. A
Class B fire, for example, ranks at the top of the critical list and can lead very quickly to loss of an aircraft if
unchecked; on a ship the possibility of immediate loss of the vessel is less, but loss of life can be considerable if
such a fire is not brought under control in short order.

In recent years the need to prevent loss of aircraft damaged by enemy guns and missiles has been a driver in
efforts to develop and install fire extinguishing systems in aircraft. In ships, on the other hand, the requirement to
cope with accidental fires, particularly in machinery spaces, has led the way to developing more effective fire
extinguishing systems.

Over the years the Navy has sought ways to improve fire fighting capabilities as ships have been required to
handle increasing quantities of munitions and volatile aircraft fuels, and have been equipped with propulsion
systems requiring high-pressure, easily atomized fuels. Continuing this tradition of evolutionary improvement to
meet changing needs, halon was introduced into the Navy as a principal fire extinguishing agent in recognition of
its extraordinary fire extinguishing capabilities.

Ships

Fires aboard ship in World War II were fought by damage control teams applying water and protein foam.
Hand-held CO, extinguishers were widely used, and overhead water sprinklers were also employed in confined
spaces and aircraft carrier hangar decks. Steam smothering systems were available in some ships to handle
engine room bilge fires. The emphasis in fire fighting was to attack fires directly with men manning hoses
dispensing solid water streams or fog, and this remained the accepted approach during the immediate postwar
years.

In the late 1960s, a series of aircraft carrier fires incident to Vietnam War operations triggered a search for
more effective ways to fight massive flight deck fires. Fighting fires aboard carriers, while always challenging,
had become more so in the age of jet aircraft, which carried ten times as much fuel and ten times the weight of
explosives as had predecessor aircraft in World War II. As a result, aqueous film-forming foam (AFFF) was
introduced as an effective replacement for protein foam, and it became the primary agent in fighting flight deck
fires. Flush deck nozzles were installed to dispense AFFF on demand to deal with pooled area fuel fires. Airfield-
style fire trucks were put aboard carriers, each carrying AFFF and dry powder (PKP—potassium bicarbonate
powder). Additionally, small twin-agent flight deck tractors were equipped with small amounts of AFFF and
PKP for quick-reaction fire suppression. Twin-agent hoses also began to appear in ship machinery spaces
mounted on reels for ready access by engine room personnel.

Despite these advances, a flammable fuel fire with vertical dimensions remained a fire fighting challenge,
as did the pressure-fed engine room fuel spray fire. And in the late 1960s, machinery space
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fires on board several ships induced a review of both equipment and fire fighting tactics. A variety of technical
approaches were considered that would make possible quick evacuation of a machinery space, followed by
remote actuation of the fire extinguishing system. After a rigorous selection process and substantial testing in the
early 1970s, halon 1301 was chosen as the optimum total flooding agent for "abandon-the-machinery-space" fires.

The first halon systems were installed in aircraft carriers and mine craft in 1978. A policy was established
calling for installation of halon in new-construction ships, such as the FFG-7 class frigates, and selective
retrofitting into older vessels began on an age-selective basis. The original twin-agent AFFF/PKP reels were
retained in engine rooms for small-fire application, but with the PKP side deactivated. Engine rooms also were
equipped with AFFF bilge flooding systems. And although the principal reason for acquiring halon 1301 systems
was to fight machinery space fires, halon 1301's attraction as a very effective, non-toxic agent resulted in its
being substituted for CO, in other spaces where flammable liquids were stored.

This introduction of halon to the Navy followed its earlier acceptance for total space flooding applications
in the civil community. Thus, because of a confluence of events—availability and civil acceptance of halon
1301, an urgent Navy need for a better agent, and top-level support—halon became the agent of choice for
coping with fuel spray fires in confined spaces. Use of halon enabled the Navy to adopt a casualty-reducing
tactic of (1) taking the man out of the loop initially by abandoning the fire scene, (2) remotely actuating the
halon 1301 flooding system, and (3) reentering the space when the fire was extinguished to deal with any minor
residual flare-ups.

Halon 1211 has only limited application aboard ship. It replaced PKP in fire trucks aboard aviation ships in
the late 1980s for fighting three-dimensional fires. The agent is also used in mine craft (MSCs) and air cushion
landing craft (LCAC), and there are a few hand-held bottles to be found in certain other ship classes.

Aircraft

Fires in aircraft have been a major concern since the inception of powered flight in the early 1900s. The
very nature of aircraft—being airborne, carrying large amounts of flammable liquids, containing potential
ignition sources—makes them inherently vulnerable to loss if fire should break out. Hence, fire prevention is a
major consideration in aircraft design, as are fire extinguishing systems tailored for the specific plane and its
anticipated operating environment. Since most fires start in inaccessible areas, particularly in military tactical
aircraft, extinguishing them must depend on automatic or remote activation of extinguishing systems. And as
mentioned above, combat aircraft have the additional challenge of coping with damage that may be inflicted by
enemy antiaircraft artillery and missiles.

Early combat loss experience in World War II highlighted the vulnerability of tactical aircraft to loss by fire
and explosion. Self-sealing fuel tanks were installed to reduce the probability of leakage if hit, with the resultant
fumes causing explosions in void (dry bay) areas. Additionally, attention was paid to placement of fuel lines and
shielding components. CO, fire extinguishing systems were installed in the nacelles of multiengine aircraft, as
they were in civil airliners of the time.

The introduction of jet aircraft into the Navy in the 1950s was accompanied by a change in strategic
emphasis toward nuclear warfare. Attack aircraft were designed to fly long ranges, while designers tried to exact
maximum speed and altitude performance from fighters. In the quest for performance, the vulnerability of planes
to combat damage, including fire and explosion, was accorded low priority during aircraft design. Even in the
case of rotor craft that fly slowly at low altitude, little attention was paid to measures that might reduce
vulnerability to loss if the helicopter was struck by enemy projectiles or small missiles.

During the Vietnam War the United States suffered combat losses totaling 5000 aircraft—2500 fixed-wing
jets and 2500 helicopters. As losses mounted during the course of the conflict, studies were initiated to see what
might be done to lower loss rates, an effort that continued after the war. The analysis revealed that fuel fires and
explosions accounted for 50% of the losses and that half of these
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were attributable to fuel explosions in voids or so-called dry bays. As a result, the military services joined in an
effort to improve the survivability of jet aircraft and helicopters. This led to development and experimentation
with a variety of approaches that addressed fire extinguishing in several areas, including engine nacelles/bays,
dry bays, fuel tanks, occupied spaces, and ground and ship flight decks. Technologies considered were (1) solid
foams, powders, and inert gas generators for dry bays; (2) solid foams and inert gases for fuel tank ullage areas;
(3) halon 1301 for engine nacelles and bays; (4) portable halon bottles, principally 1301, for occupied areas; and
(5) AFFF and halon 1211 for crash fire fighting and small fires incident to engine start.

The adoption of halons 1301 and 1211 was the culmination of fleeting military involvement with halons
over the years. 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,. Despite their
relatively high inhalation toxicity, systems using halon 104, 1001, and 1011 were developed during World War
II and employed by the British and Germans in military aircraft. The use of these agents expanded into the civil
sector after the war. In the United States, however, it was only after development of fluorinated halons (1301,
1211) that CO, was replaced in Air Force and Navy aircraft by these new highly effective, less toxic, and non-
corrosive agents. And since they had already gained some acceptance in U.S. civil aviation as well as in various
civil ground applications, the military quickly adopted them to meet the variety of needs cited above.

SHIP FIRE EXTINGUISHING SYSTEMS

Fire at sea has always posed a special danger. In warships, the fire hazard is exacerbated by the threat of
explosive weapon warheads and propellants. Throughout its history the Navy has dealt with fire protection
challenges by exacting the most from existing fire fighting systems through organization and training as well as
by exploiting new technologies. The exploitation of dry chemical powders and aqueous film-forming foam as
well as the introduction of specialized naval fire fighting systems are examples of the constant improvement
sought by the Navy in the safety and survivability of its vessels, aircraft, and crews. Employing halons for
machinery space and aviation fire extinguishing applications is an example of adopting new technology to
improve fire protection.

Machinery Space Fires

The principal fire threats in machinery spaces are the combustible liquid pool and pressurized spray fire.
The most hazardous type of incident, and one that absolutely requires a gas-phase fire suppressant, is the three-
dimensional spray or cascading fire. These fires arise from fuel or lubricant pipe or fitting leaks, human error, or
mechanical damage. Leaks can vary in scale from less than 1 to greater than 50 gallons per minute. Pressurized
spray fires generally occur in fuel, lubricating oil, or hydraulic fluid system piping. Pressures range from 10 to
1000 psi. Non-pressurized cascading fuel fires often involve sounding tubes, gravity storage tanks, and fuel
piping that transit the space servicing other areas such as aviation fuel systems. In general, a spray or cascading
fuel fire will also produce a pool fire.

A release of fuel or lubricating oil can be quickly ignited by hot surfaces (steam pipes or boiler fronts),
electrical arcing or shorts, welding operations, and mechanical sources (friction, sparking, and so on, related to
equipment failure). The intensity of these fires can easily approach 50-MW power equivalent. The fire growth
time scale is on the order of several seconds, so that very large fires, high temperatures, and fatal concentrations
of carbon monoxide (CO) can occur in 30 seconds or less. Since there is insufficient oxygen to maintain a large
fire, the power level will decrease with time, and higher CO production will occur.

The size and growth rate of these three-dimensional fires preclude safe reliance on manual firefighting in
closed spaces. Clearly, manual fire fighting against a large machinery space fire is not the approach of choice
because of the rapidity with which the space becomes untenable due to heat, smoke,
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and toxic combustion by-products. Indeed, these hazardous conditions are the very reason halon 1301 was
introduced in the Navy some 20 years ago.

Reignition is also a key consideration in fighting machinery space fires. Three sources of reignition in ship
machinery spaces—hot surfaces, electrical sources, and smoldering solid combustibles—form the basis for the
required agent hold times and reentry procedures. Each source of reignition is described briefly below.

* Hot surfaces—These result from normal power generation in a ship and include steam piping where
lagging is breached, diesel engine exhaust manifolds, gas turbine casing and exhaust stacks, and boiler
fronts. Some hot surfaces, particularly steam piping, can remain above the fuel autoignition temperature
for hours. Unless there is an exceptionally long (> 5 to 10 minutes) preburn time associated with a fire,
metal surfaces heated to above the fuel autoignition temperature will cool relatively quickly after the
fire has been put out. Accordingly, after a typical 20- to 30-minute agent hold/cool down period, fire-
heated surfaces will usually not be a hazard.

* FElectrical sources—These arise from fire damage to electrical equipment and cabling. Shorts between
cables or to ground may result in arcing or resistance heating. These reignition sources, if in proximity
to a fuel surface or fuel vapor, are energetic enough to cause reignition and, in extreme cases,
deflagration of a fuel vapor cloud. These reignition sources will remain a threat until all the power to
the space is secured. While it is a relatively straightforward exercise to secure power serving a space, it
is difficult in some ships to secure power in all cables that transit the space.

* Smoldering fires—Some transient combustibles, insulation, and lagging materials are susceptible to
smoldering combustion. Typical design concentrations of halon 1301 (or replacements) are not
sufficient to extinguish the condensed-phase, oxidation process, particularly in cellulosic materials.
Thus, once the agent concentration has decayed sufficiently, a smoldering fire may reignite.

Extinguishing Systems

Three systems are employed to control or extinguish fires in machinery spaces. The total flooding halon
1301 system is the key element of a three-element overall system of fire protection. It is capable of extinguishing
any flammable or combustible liquid fire, pool or spray, as well as solid combustibles ignited as a result of the
liquid pool or spray fire. Halon 1301 is used when a fire is too large to suppress manually, which is usually the
case with pressurized spray fires.

Additional fixed protection in machinery spaces is offered by the AFFF bilge foam system. It is designed to
extinguish pool fires caused by fuel or lubricating oil leaks and to prevent reignition. The system may be used in
conjunction with halon 1301 or independently to extinguish and secure fuel spills in the bilges.

A third means of suppression is to fight a fire manually with portable extinguishers and hose streams. Hose
streams include AFFF hand lines as well as regular water-only hoses available throughout the ship. Manual fire
fighting may be employed in machinery spaces (1) when a fire is small or localized and can be readily
extinguished by watch standers without protective equipment and (2) when a space is reentered after a halon
system has been activated in order to extinguish any residual fire or, less likely, if the application of halon has
not been completely effective.
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Halons

Halon 1301 and halon 1211 are employed on board ships to meet unique fire fighting challenges—where
their fire extinguishing effectiveness, low toxicity, minimum space and weight requirements, and lack of agent-
induced damage are required characteristics.

Halon 1301 is used in machinery spaces and flammable liquid storage and issue rooms because of its
effectiveness against those fires requiring total gas flooding, low toxicity, lack of agent-induced damage, and a
relatively low system space and weight impact. This agent is suitable for flammable gas, liquid, and typical solid
combustible fires. It extinguishes fires in enclosed spaces by employing the principle of gas-phase catalytic
interruption of combustion reactions (see Table 2.1), when used in concentrations of 5 to 6% by volume. A
properly designed system will distribute a uniform concentration throughout the space, thereby providing
extinguishment at all locations. Once a uniform mixture of halon in air is generated, the extinguishing
concentration must be maintained for a period of time to preclude possible reignition.

Halon 1211 is used for so-called streaming or local applications where it is desirable to direct a stream of
liquid agent to a localized fire. In Navy applications, halon 1211 is always manually applied and directed at a
specific fire location. On board aviation ships, it is used to extinguish small fires in engines that result from the
pooling of fuel when an aircraft engine fails to start. It is also employed in fighting large three-dimensional
cascading flight deck fires. Halon 1211 is applied from portable extinguishers, wheeled bottle carts, and crash
vehicle hose lines. Finally, halon 1211 is employed in LCAC engine compartments for fire suppression.

Aqueous Film-Forming Foam

Aqueous film-forming foam is a mixture that is 6% AFFF concentrate (primarily fluorosurfactants and
solvents) and 94% water, either seawater or fresh water. It is used to extinguish pool fires and to prevent the fuel
vaporization and subsequent reignition. All foams, including AFFF, are only effective in suppressing two-
dimensional flat pools of fuel and are generally ineffective on spray fires or cascading fuel fires.

The primary shipboard uses of AFFF are in machinery spaces, aircraft hangars, fueled vehicle stowage
areas, and on flight decks. In machinery spaces, an AFFF spraying system is located in the bilge to extinguish
fires and secure fuel spills to prevent ignition. AFFF hose lines are also provided for manual application. Flight
deck applications include an AFFF spraying system with flush mounted nozzles located in the flight deck. AFFF
hoses are also provided on the flight deck and on crash/fire vehicles.

While AFFF is a primary flight deck extinguishing agent, halon 1211 is used to attack cascading or spray
fires which may occur as a result of a crash or catastrophic failure, and for small engine or "wet start" fires. In
most cases, AFFF is used to extinguish and secure the pool fire resulting from a crash or large wet-start, and
halon 1211 is used to extinguish localized three-dimensional fuel fires.

Other Fire Fighting Measures

In addition to the special-hazard extinguishing systems and agents described above, the Navy uses
traditional fire protection systems as appropriate. On new-construction ships, automatic sprinkler systems are
installed in storage and berthing spaces as well as in areas surrounding vital electronic equipment, and water
deluge systems are provided for ordnance magazine cooling.

With respect to manual fire fighting equipment, seawater fire mains run throughout a ship, with hose
stations localized so as to provide coverage in all areas. Portable extinguishers, filled with CO,, AFFF, or PKP
are distributed throughout the ship for first-response fire fighting.
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Figure A.1
Typical distributed (banked) halon system.

How a Shipboard Halon 1301 System Works

Halon 1301 systems installed in shipboard machinery spaces are designed to discharge sufficient halon into
a space to develop a uniform 5% (by volume) concentration of halon 1301 in air throughout the space. Two types
of systems are employed—manifold and modular. Manifold systems, also called "banked" or "distributed,"
consist of a bank of cylinders connected through a manifold or distribution piping (Figure A. 1). Piping from the
bank runs throughout the space to nozzles located on the overhead and beneath the intermediate deck levels.
Manifold systems were, and still are being, installed in new ships built after 1980. Modular systems feature
individual cylinders of halon distributed throughout the protected space, connected via short lengths of pipe to
one or two nozzles nearby (Figure A.2). These systems were used principally to retrofit existing ships with a
halon 1301 system at the time the decision was taken to install halon fire extinguishing systems in naval vessels.
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Figure A.2
Typical modular halon system.

The halon 1301 agent is in liquid form in cylinders, pressurized by nitrogen at 600 psi. The nitrogen is
required to provide adequate cylinder pressure to discharge the halon in 10 seconds and to provide sufficient
nozzle pressure to ensure proper distribution of the agent in the compartment.

All machinery space halon systems are manually actuated using pneumatic actuation lines. Actuation
stations are located inside the space, at least one of which is near the normal exit. Additionally, another station is
outside the space, often on the main deck above proximate to the path leading to and from the space. Actuation
of a station trisects release of CO, from a small cylinder. This release in turn actuates a pressure switch that shuts
down the ventilation fans to the space and closes dampers if installed. The CO, flow also passes through a time-
delay device. Warning horns are sounded during the 30- to 60-second time delay, signaling that the affected
space is to be evacuated prior to halon discharge. After approximately 30 to 60 seconds, CO, is permitted to flow
to the halon cylinder actuation valves, thus initiating halon release.

For manifold systems, a single, small CO, cylinder opens valves for all cylinders coupled to the manifold.
Modular systems, on the other hand, require pneumatic actuation piping to each cylinder for halon release. In
either case, halon is discharged from the cylinders within approximately 10 seconds after the valves are opened.
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APPENDIX A 70

Once the halon has been released, fire fighting doctrine calls for monitoring the space for 20 to 30 minutes.
In certain manifold system ships, a second halon discharge is available if needed—the so-called "two-shot"
system. After 30 minutes, a fire party reenters the space to extinguish residual fires and provide cooling with
AFFF hoses if necessary.

Shipboard Spaces Where Halon 1301 Systems Are Installed

Tables A.1 to A.S5 list the location of halon 1301 extinguishing systems in five representative ship classes—
two amphibious aviation ships (LHA, LHD), two surface combatants (FFG-7, DDG-51), and an aircraft carrier
(CVN-73). It can be seen that halon is installed in those spaces where flammable liquids are used for power
generation, where such liquids are stored, and where aviation fuel is handled.

In general, older ships have one-shot modular systems since these were easier and less costly to retrofit than
the two-shot manifold (banked) installations characteristic of vessels that had not yet begun construction at the
time of the decision to install halon 1301 fleetwide. Notable is that the large CVN has less halon installed than a
small, 3650-ton FFG-7 frigate. This is attributable to the nuclear-powered CVN being a one-shot ship, but more
importantly, to the lack of a requirement for any halon in main propulsion spaces. It also highlights the point that
main machinery spaces, emergency diesel generator rooms, and aviation fuel pump rooms account for a large
proportion of the halon installed in applicable ship classes.

Table A.1 LHA-4 USS Nassau Class Halon 1301 Systems

Space Cylinders Size (Ib) Halon Quantity per System (Ib)
Main Machinery Room #1 19 125 2,375
Main Machinery Room #2 23 125 2,875
Auxiliary Machinery Room 8 125 1,000
Emergency Diesel Generator Room # 1 5 125 625
Emergency Diesel Generator Room #2 3 125 375
JP-5 Pump Room 2 125 250
JP-5 Pump Room 1 125 125
Fuel Pump Room 4 125 500
Quantity of halon installed on ship 8,125
On-board spares 3,250
Total halon on board 11,375

NOTE: All systems are "single shot" and "modular." This arrangement (single shot, modular) is typical of ships that received halon via
backfit.

Copyright © National Academy of Sciences. All rights reserved.
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Table A.2 LHD-3 USS Kearsarge Class Halon 1301 Systems

Space Cylinders Size (1b) Halon Quantity per System (Ib)
* Main Machinery Room #1 38 125 4,750
* Main Machinery Room #2 46 125 5,750
* Auxiliary Machinery Room 20 125 2,500
Emergency Diesel Generator Room #1 5 125 625
Emergency Diesel Generator Room #2 3 125 375
JP-5 Pump Room #1 4 125 500
JP-5 Pump Room #2 3 60 180
LCAC Pump Room 3 60 180
Paint Mix & Issue Room 1 95 95
Cargo Flammable Liquid Room 6 125 750
Aviation Flammable Storeroom 2 95 190
Supply Department Flammable Storeroom 4 60 240
Ship Store Flammable Liquid Storeroom 2 10 20
Aviation Flammable Liquid Storeroom 1 15 15
Quantity of halon installed on ship 16,170
On-board spares 2,050
Total halon on board 18,220

NOTE: Entries with an asterisk (*) have "two-shot" systems. All systems are "banked."

Table A.3 FFG-7 USS Perry Class Halon 1301 Systems

Space Cylinders Size (1b) Halon Quantity per System (Ib)
* Engine Room 14 95 1,330
* Auxiliary Machine Room #1 4 95 380

* Auxiliary Machine Room #2 18 60 1,080
* Auxiliary Machine Room #3 8 60 670

* Emergency Diesel Generator Room #1 2 95 190

* Emergency Diesel Generator Room #2 2 95 190

* Emergency Diesel Generator Room #3 2 95 190

* Emergency Diesel Generator Room #4 2 95 190

* Gas Turbine Module 1A 2 60 120

* Gas Turbine Module 1B 2 60 120
Flammable Liquid Storeroom 3 10 30
Flammable Gas Cylinder Storeroom 1 95 95
Paint Mix & Issue Room 2 10 20

* TACTAS Room 2 95 190

* RAST Machinery Room 2 60 120
Quantity of halon installed on ship 4,915
On-board spares 495
Total halon on board 5,410

NOTE: Entries with an asterisk (*) have "two-shot" systems. All systems are "banked."

Copyright © National Academy of Sciences. All rights reserved.
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Table A.4 DDG-51 USS Arleigh Burke Class Halon 1301 Systems

Space Cylinders Size (Ib) Halon Quantity per System (Ib)
Auxiliary Machinery Room 10 125 1,250
Engine Room #1 20 125 2,500
Engine Room #2 22 125 2,750
Generator Room 6 95 570
Gas Turbine Module - 1A/B 2 95 190
Gas Turbine Module - 2A/B 2 95 190
Ship Service Gas Turbine Generator #1 2 95 190
Ship Service Gas Turbine Generator #2 2 95 190
Ship Service Gas Turbine Generator #3 2 95 190
Flammable Liquid Storeroom 1 60 60
Flammable Liquid Issue Room 2 15 30
TACTAS Room 2 125 250
Quantity of halon installed on ship 8,360
On-board spares 635
Total halon on board 8,995
Table A.5 CVN-73 USS George Washington Class Halon 1301 Systems

Space Cylinders Size (1b) Halon Quantity per System (1b)
Emergency Diesel Generator Room #1 5 125 625
Emergency Diesel Generator Room #2 4 125 500
Pump Room #2 4 125 500
Pump Room #3 3 125 375
Flammable Liquid Storeroom #1 1 125 125
Flammable Liquid Storeroom #2 3 95 285
Flammable Liquid Storeroom #3 2 95 190
Aviation Flammable Storeroom 2 125 250
Paint Mix & Issue Room #1 1 60 60
Paint Mix & Issue Room #2 2 15 30
Aviation Paint Mix & Issue #1 2 15 30
Aviation Paint Mix & Issue #2 1 15 15
Bomb Hoist Room #1 2 15 30
Bomb Hoist Room #2 2 15 30
Quantity of halon installed on ship 3,045
On-board spares 1,295
Total halon on board 4,340
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AIRCRAFT FIRE EXTINGUISHING SYSTEMS

Halon 1301 fire extinguishing systems in aircraft are employed in ways related to the size and mission of
the aircraft and the number of engines. Application areas include engine nacelles or engine bays of twin-engine
tactical aircraft; dry bays—those void spaces adjacent to, or beneath, fuel tanks and fuel lines; portable, hand-
held extinguishers in cockpits and cabin spaces where aircrew personnel are located; and miscellaneous uses
such as inerting a fuel tank's ullage (space above fuel in a less-than-full tank) to prevent incendiary bullet-
initiated explosions, and to extinguish fires in auxiliary power units.

Fires Aboard Aircraft

Aircraft applications involve suppression of four distinct types of fires. These include hydrocarbon/air
diffusion flames characteristic of engine nacelle and bay fires; premixed fuel vapor/aerosol/air deflagrations in
dry bay applications; explosions of premixed fuel/air mixtures in fuel cells; and solid combustible diffusion
flames involving cable and wire insulation or other combustibles that are typically suppressed using hand-held
portable extinguishers.

The most critical fires are those in engine bays and explosion/deflagration events in dry bays. Each of these
situations is addressed briefly below.

Halon 1301 is now used extensively to protect engine nacelles/bays. Here, the agent is discharged at a high
rate through a series of nozzles to mix with the air stream through the engine and form a transient extinguishing
concentration as it passes through the nacelle/bay and extinguishes the in-flight fire. The agent is discharged on
command of the pilot after a positive indication of an engine fire, usually from a combination of thermal fire
detection activation and/or anomalies in engine operating parameters. Thus, while the agent is discharged in only
a few seconds, tens of seconds may elapse between the first indication of trouble and discharge of the
suppression agent.

The basic mechanism of extinguishment of engine bay fires is identical to suppressing any hydrocarbon/air
diffusion flame, such as a fuel oil fire in a ship machinery space. The primary technical challenge in aircraft is to
disperse a sufficiently high concentration of agent into the engine bay such that an extinguishing concentration is
maintained within the very high air flow environment of the bay. Generally, this extinguishing concentration is
maintained for only a few seconds. Given the high air velocities present in engine bays, the flame strain rate is
much higher than what occurs in quiescent, buoyant diffusion flames. As a result, these flames can be
extinguished at lower agent concentrations. The reduced partial pressure of oxygen at flight altitude also
simplifies the suppression process. A complicating factor in system design is the highly obstructed nature of the
engine bay, which impacts nozzle design, flow rate, and agent mixing behavior.

The suppression of explosions (inertion) in dry bay applications requires sensing the presence of an
explosion kernel before the flame front has expanded to a damaging size, and then rapidly applying a
suppression agent in the vicinity of the ignition to quench the deflagration wave. This sequence must occur
within a time scale of tens of milliseconds in order to effectively limit explosion damage, hence the need for
automatic system actuation.

The primary scenario for initiation of a dry bay explosion is ordnance or shrapnel penetrating a fuel cell
adjacent to the bay and subsequent ignition of the resulting fuel/air mixture. Dry bay explosion suppression
systems are designed primarily to ensure the survivability of aircraft in combat. An alternative, albeit much less
efficient approach, is to inert bays and voids prior to combat damage. This approach has been tried with some
aircraft but has not been pursued in more recent aircraft designs.

Copyright © National Academy of Sciences. All rights reserved.
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Figure A.3
Typical halon aircraft engine fire extinguishing system.

Typical Halon 1301 Aircraft Engine Fire Extinguishing System

A typical halon 1301 aircraft engine extinguishing system is composed of fire detection sensors linked to
cockpit warning lights, halon bottle(s) pressurized by nitrogen at 600 psi, tubing from bottles to strategically
placed nozzles, and a pilot-actuated linkage (mechanical, electrical, pneumatic) connecting the cockpit to the
halon bottle(s). See Figure A.3.

It should be noted that no single-engine naval aircraft has fire extinguishers in the engine bay. This is based
on the premise that, should a fire start because of battle damage or a severe fuel leak and be extinguished, it
makes little sense to restart the engine after having once cut off the fuel that was feeding the fire.

Dry bays or void areas alongside or beneath fuel tanks, and through which fuel lines may pass, are
susceptible to explosions and fires if combat damage is suffered. Protection measures employed include solid
foams, inert gas generating systems, and halon 1301. In such an application, a halon 1301 system would activate
automatically in milliseconds upon detection of an explosion kernel by optical flame detectors.
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Appendix B

Regulation of Halon and Halon Replacements

When stratospheric ozone is depleted by halons and other ozone-depleting substances, increased amounts of
harmful ultraviolet radiation reach Earth's surface. Increases in UV-B radiation are likely to have substantial
adverse effects on human health, including increases in the incidence of, and morbidity from, skin cancer, eye
diseases, and infectious diseases.! Peak global ozone depletion is expected to occur during the next several years,
and the stratospheric ozone layer is expected to recover in about 50 years in response to international actions
under the Montreal Protocol and its amendments and adjustments.” The early phaseout of halon production
accounts for at least 15% of the protection provided under the Montreal Protocol.?

The phaseout of halon production took effect January 1, 1994, with little disruption because the fire
protection community had established global information networks and coordinated halon banks. Halon banks
are important because environmentally acceptable alternative extinguishing agents have not been
commercialized for some critical fire protection applications (15 to 20% of former uses).*> The success of a
production ban on halons is predicated on the free exchange of existing halons, the open use of recycled halons,
and a safety valve to allow for production should the banking scheme fall short of expectations (Decision IV/25
of the Montreal Protocol, which allows for continued production for "essential" uses).

In 1985, a small group of countries signed the Vienna Convention on Ozone Layer Protection, the
framework for negotiating the Montreal Protocol. In that document, halons are mentioned only briefly in an
annex on monitoring of data, because earlier analysis had concluded that halon was rarely released and had
predicted that halon use would decline as computer systems became smaller. In 1986, few substitutes had been
identified for any of the ozone-depleting fire extinguishing substances, and it was widely believed that halon
uses were all essential. It was hoped that chlorofluorocarbon (CFC) restrictions alone would adequately protect
the ozone layer.

By late 1986, the U.S. Environmental Protection Agency (EPA) had begun to examine the extent of halon
use. The National Fire Protection Association (NFPA) planned to mandate full discharge testing of all new halon
1301 (CF;Br) systems in order to verify that the controls and hardware functioned properly and that the
concentration of halon gas was high enough and remained long enough in an enclosure to extinguish a test fire.
EPA was concerned that property owners, insurance companies, and fire authorities might also conclude that
older systems should be discharge tested or that all systems should be periodically discharge tested. Such testing
alone would have substantially increased the threat to the ozone layer.

Because halons were not part of any regulatory plan and because fire protection involved human life and
property, EPA officials met with the chair of the NFPA halon 1301 committee to discuss collaborative efforts to
investigate halon use. It was estimated that very little halon was used to actually fight fires but that emissions
from testing, training, and accidental discharge were far higher than analysts had thought. A plan was proposed
to involve global experts in problem solving and to use market incentives to change the way that engineers and
property owners protected against fire risk. It was agreed that EPA and the fire protection community jointly
should investigate halon controls, with the goal being to act only by broad consensus.

In early 1987, EPA initiated projects with the U.S. Department of Defense and U.S. Air Force. The Air
Force sent a representative to Montreal to help make the case that halon should be included in the protocol.
Diplomats reasoned that if the military could reduce its use, so could the civilian sector. Without this
endorsement, halon production might not have been included in the 1987 Montreal Protocol.
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APPENDIX B 76

Further analysis indicated that less than 10% of halon emissions were attributable to fire fighting.® EPA,
NFPA, and other organizations were now working to educate stakeholders about the importance of eliminating
testing, training, and accidental discharges. In Australia, the State of Victoria implemented strong controls on
halon use, and plumbers' unions refused to install or service halon systems unless it was deemed essential by a
committee of public and private experts. Elsewhere, authorities of jurisdiction were helping to eliminate
requirements for discharge testing and training with halon.

In 1989, the United Nations Environment Programme (UNEP) organized the first technology assessment,
which included the work of the UNEP Halon Technical Options Committee. This committee of international
experts became the catalyst for global efforts.

Slowly fundamental change began to occur. Property owners began to use a broader range of strategies to
protect property. Computer manufacturers confirmed that, contrary to advertising claims for halon, most
equipment could be protected with water sprinklers. Insurance companies agreed to offer their most favorable
rates to insure property with fire protection other than halon. Telecommunications companies reduced the need
for halon by using cable materials that would not bum. The military began to design weapons systems that did
not depend on halon. Broader fire protection engineering considerations and fire prevention began to take
precedence over the basic fire-extinguishing perspective. These efforts stimulated other important paradigm
shifts. For example, military aircraft designers reevaluated whether space and weight might be better allocated to
threat avoidance or weapons rather than fire protection.

The EPA and the Air Force helped to organize the Halon Alternatives Research Corporation (HARC) to aid
in identifying the most promising research opportunities, and they worked to prepare markets to accept
alternatives and substitutes as they developed. The Marine Corps, Navy, and Air Force cooperated to develop the
first practical halon recycling equipment and were the first organizations in the world to deploy this equipment.
The Navy and Marine Corps teamed up with EPA to teach halon recycling to experts from Latin America and
the Far East.

Unfortunately, halons are still required for 15 to 20% of the applications they satisfied in 1986. If halons
currently contained in existing equipment are never released to the atmosphere, the integrated effective future
chlorine loading above the 1980 level is predicted to be 10% less over the next 50 years.” See Chapter 3 for
further discussion.

Thus, much work remains to complete the phaseout of halon use. Chemical substitutes for halon for the
remaining important uses are a part of the ultimate solution.

U.S. REGULATION OF HALONS AND HALON SUBSTITUTES

When the Montreal Protocol was signed in 1987, the EPA's role in stratospheric ozone protection derived
from the Clean Air Act of 1977, Part B, section 157(b):

.. . the Administrator shall propose regulations for the control of any substance, practice, process or activity (or any
combination thereof) which in his judgment may reasonably be anticipated to affect the stratosphere, especially
ozone in the stratosphere, if such effect in the stratosphere may reasonably be anticipated to endanger public health
or welfare.

This language gave EPA broad latitude, but it did not give clear guidance. EPA began to develop control
strategies based primarily on measures of ozone depletion potential (ODP). A product whose ODP was lower
than that of the CFCs was considered to have an advantage over the halons. Thus, FM-100™ (HBFC-22B1 or
CF,HBr) with an ODP of 0.74% was investigated as an effective halon substitute. With the enactment of the
Clean Air Act Amendments of 1990 (CAAA), Congress provided guidance to EPA by stipulating that any
substance with an ODP of 0.2 or greater would be a class I substance and would be subject to the same
production phaseout as the CFCs and halons. This restriction effectively eliminated some potential fire-
extinguishing substitutes, such as FM-100™, and mixtures using CFCs.
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APPENDIX B 71

Title VI of the U.S. Clean Air Act of 1990 enacts the U.S. strategy for complying with the Montreal
Protocol for protection of Earth's stratospheric ozone layer.” Title VI is administered by the Stratospheric
Protection Division within the Office of Air and Radiation. Section 612 of Title VI directs EPA to set up the
Significant New Alternatives Policy (SNAP) program, to evaluate any halon substitutes or alternative fire
protection technologies to ensure that they reduce the overall risk to human health and the environment and to
promote these substitutes to achieve rapid market acceptance. EPA's goal is to ensure that industry and
consumers have ample choices for the diversity of applications in which CFCs and halons are currently used.

EPA adopted a risk-balancing approach on health and safety issues by looking at likely exposure pathways
in use of a substitute agent in each sector. The risk to individuals from exposure to halon substitutes is generally
from discharges that occur infrequently. Chronic effects from exposure to halon substitutes are not usually a
concern, because when used, these substances are discharged in high concentrations over short periods of time
and thus potentially present an acute hazard. Risk from exposure to halon substitutes is accordingly best assessed
by analysis of acute toxic effects associated with exposure to these compounds, such as developmental toxicity
and cardiotoxicity. In most instances, cardiotoxicity occurs at lower levels than does fetotoxicity, and therefore,
unless otherwise warranted by the developmental data, EPA bases the estimates for emergency exposure limits
during halon use on the no observable adverse effect level (NOAEL) and lowest observable adverse effect level
(LOAEL) reported for epinephrine-sensitized cardiotoxicity in dogs (and in a few instances monkeys). Human
heart arrhythmias and sudden death resulting from overexposure to CFCs, halons, and other halogenated and non-
halogenated hydrocarbons have been documented in work-place settings and in volatile substance abuse (e.g.,
glue sniffing).!0

To assess the safety of a fire extinguishing agent for use in a total flooding system, EPA analysts examine
the actual design concentration as NFPA defines it,!! i.e., the cup burner extinction concentration plus 20%, or in
some cases the actual large-scale testing design concentration, and compare this value to levels at which
cardiotoxic effects have been observed.

The situation differs for streaming agents (i.e., chemicals applied to localized fires, usually by being
propelled from an extinguisher) because such use is a localized application, and air exchange further dilutes the
concentration of the agent. EPA requires manufacturers to submit data acquired by personal monitoring for the
anticipated usage. The results of these tests show that actual exposure is much lower than what the models
predict. Consequently, EPA has listed agents as acceptable, even with a LOAEL as low as 1.0 or 2.0%.!?

The conditions stipulated under SNAP for use of total flooding agents are patterned after current
Occupational Safety and Health Administration (OSHA) requirements for use of halon 1301 (CF;Br) systems.
Because OSHA does not currently specify acceptable levels of exposure to substitute fire extinguishing agents,
EPA is laying these values out very specifically and has initiated efforts to work with OSHA as that agency takes
steps to amend its regulation of fixed gaseous extinguishing systems (OSHA Regulation 1910.162).

When considering environmental effects of halon substitutes, EPA first looks at ozone depletion potential to
determine if a substance could significantly damage the stratospheric ozone layer. Any class I substance (ODP of
0.2 or higher) must be phased out of production in the United States within 7 years of listing. While the Clean
Air Act does not explicitly define a class II substance, by implication it is an agent with an ODP of less than 0.2.
Currently the chemical with the lowest ODP that EPA has listed as a class II substance is HCFC-123
(CF;CHCl,), with an ODP of 0.02.

While EPA considers other environmental impacts besides ozone depletion potential (including aquatic
toxicity, air pollution, and so on), global warming potential (GWP) and atmospheric lifetime are the key
additional issues in evaluating halon substitutes. Action number 40 of President Clinton's Climate Change Action
Plan, released in November 1993, directs EPA to minimize unnecessary emissions of greenhouse gases to help
meet the national goal of reducing emissions in the year 2000 to 1990 levels. EPA again has adopted an approach
that seeks to balance the risk posed by ODP and GWP and the related atmospheric lifetimes of these agents.
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The CAAA directs EPA to "reduce overall risks to human health and the environment."'> EPA has
attempted to characterize emission levels and exposure pathways in each use sector in order to minimize
environmental impacts. Thus, EPA first looks for the outliers such as the perfluorinated carbons (PFCs), which
have atmospheric lifetimes in excess of 3,000 years and are virtually indestructible.'* Yet, because PFCs have a
favorable toxicity profile, EPA recognizes that they can play a role in fire protection applications where other
agents are not suitable for either technical or safety reasons. Thus, EPA has listed PFCs as acceptable with
certain contingent restrictions. Likewise, although HFC-23 (CF;H) has a 300-year lifetime, ! it is a by-product of
the manufacture of HCFC-22 (CF,HCI), which will continue to be produced as an intermediate for the
manufacture of polymers such as Teflon™, and EPA thus has placed no restriction on its use as a fire protection
agent.

In response to concerns about environmental effects and efficacy, fire protection manufacturers are also
developing several new alternative fire protection technologies, including inert gas systems, water mist systems,
and powdered aerosol systems. These non-halocarbon alternative agents require a different means of determining
risk during use. Some of the newer non-halocarbon alternative agents—the inert gas systems—Ilimit but do not
entirely remove the oxygen available to a fire. The most important condition for the safe use of such agents is the
stipulation that the amount of oxygen remaining in the area of release is sufficient to maintain central nervous
system function and that reduced oxygen does not impair escape from the area if people are exposed.

Powdered aerosol systems present still other risk assessment issues. The conditions determining the safe use
of these agents must account for potential deposition in the respiratory tract of inhalable particles, ranging from
very small particles that may be deposited in the alveoli to large particles capable of irritating the upper nasal
passages. The size of such particles may be the most significant factor determining risk. Water mist systems
using pure water pose little risk, although additives must be evaluated on a case-by-case basis to determine
potential health hazards. A concern with both mist and powdered aerosol systems is the visual obscuration that
occurs during discharge and that may potentially limit individuals' ability to leave the area.

Because the risk analyses for alternative fire protection technologies differ somewhat from standard EPA
risk assessment procedures, EPA has encouraged the formation of ad hoc workshops and medical peer-review
panels to characterize the risks presented by each new technology and to help delineate the appropriate exposure
limits for different clinical groups. Conditions for the appropriate use of inert gases with limited oxygen have
been evaluated by special medical panels, and EPA has also solicited guidance from OSHA on conditions of use,
since OSHA will ultimately determine the proper use of all fire suppressant systems. Workshops and panels have
been formed to analyze issues concerning powdered aerosols and water mists.

ALTERNATIVES TO USE OF HALONS

The EPA has been largely successful in identifying several agents and technologies that can be used in most
total flooding and streaming fire protection applications. There are still some application areas that pose
technical challenges, however, including aviation (both civil and military), military tanks, some military
shipboard uses, and explosion inertion applications. The U.S. military has been a leader in research and
development efforts, e.g., the selection of HFC-125 (CHF,CF;) for the design of fire protection systems on new
military aircraft and the selection of HFC-227ea (CF3;-CHFC-CF;; or FM-200™) for new shipboard machinery
spaces. For commercial aircraft, the Federal Aviation Administration (FAA) is spearheading an industrywide
R&D effort to identify effective substitutes for halon as a fire suppressant. Once an agent is identified for
complex systems, much work still remains to design, manufacture, and certify the fire protection system (see
Chapters 1 and 2 for details).
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HALON BANG

To serve existing applications depending on equipment that cannot be retrofitted cost-effectively, the U.S.
EPA encourages halon banking programs. The Department of Defense maintains such a bank for mission-critical
systems, managed by the Defense Logistics Agency, which also serves as the buffer needed while new agents are
identified and systems developed for new platforms. In the commercial sector, users have undertaken similar
actions to redeploy and bank halon. Private-sector businesses have sprung up to work the halon recycling market,
and the non-profit Halon Recycling Corporation plays an important role in aiding buyers and sellers of halon
both in the United States and abroad.

The data for estimating the global supplies of halons are collected by two different methods. The first is
based on amounts manufactured annually by the major producers and on emission patterns. Countries that have
required collection of halon for destruction provide the second. In two such countries, Australia and Germany,
the first estimates of the halon to be collected were based on the study of annual production. In both cases, these
initial estimates had to be revised downward because the actual quantity of halons collected fell short of
projections, possibly because (1) actual quantities within the country were less than estimated, (2) some halon
was emitted rather than being collected, or (3) the halon was not turned in. Any or all these could account for the
discrepancies. The major point is that we just do not know. Currently, UNEP's Halon Technical Options
Committee is reexamining its estimates of the global bank of halons.
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Appendix C

Stability and Materials Compatibility of Candidate
Replacements for Halon

STORAGE STABILITY

Halon 1301 is normally stored in metal containers. It is known to be stable under these conditions for many
years. Any candidate replacement must also be stable with respect to storage in metal containers for many years.
The National Institute of Standards and Technology (NIST) has conducted two studies of the storage stability of
candidate replacement agents. The first of these, by Peacock et al.,! examined the agents listed in Table C.1.
Each agent was used to fill a Teflon™-lined stainless steel cylinder containing the metal coupons listed in

Table C.2.

Table C.1 Agents Examined in the National Institute of Standards and Technology Study

Agent Chemical Formula

HCFC-22 CF,HCl1

HCFC-124 CF;-CHFC1

HCFC-125 CF;-CHF,

HFC-32/HFC-125 CF,H,/CF;-CHF,

HFC-134a CF;-CHF,

FC-218 CF;-CF,-CF;

HFC-227ea CF;-CHF-CF;

FC-31-10 CF;-CF,-CF,-CF;

FC-116 CF;-CF;

FC-C-318 Cyclo-C4Fg

HFC-236fa CF;-CH,-CF;

Halon 1301 CF;Br

IFC-1311 CF;sl

Table C.2 Metals Tested in the National Institute of Standards and Technology Agent Stability Study
Metal Major Constituents Typical Use

Nitronic-40 (21-6-9 stainless) Cr, Mn, Ni, Fe Pressure vessels

304 stainless Cr, Ni, Fe Pressure vessels and fittings
AM 355 stainless Cr, Mo, Ni, Fe Outlet closures

4130 alloy steel Cr, Mn, Si, Fe Pressure vessels

13-8 Mo alloy steel Al, Cr, Mo, Ni, Fe

Inconel 625 Cr, Fe, Mo, Ni Bourdon tubes

606 1-T6 aluminum alloy Al, Si, Fe, Mg Compression gaskets and fittings
CDA 172 Cu-Be alloy Cu, Be Bourdon tubes, outlet closures
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The storage cylinders were placed in 149°C ovens for 28 days. The coupons were weighed and checked for
appearance before and after testing, and the agent was analyzed using Fourier transform infrared (FT-IR)
spectroscopy before and after testing. Peacock et al. concluded the following:

1. "No new compounds, observable above background, were evident after 28 day, 150°C exposure of
any of the candidate agents."

2. "A possible decrease in integrated areas for selected spectral peaks was observed only for CF;1. This
observation may be within experimental error, and was without accompanying formation of new
compounds. An observation of a dark solid on metal coupons post-exposure for this agent may have
been I, which could result from either degradation or impurity in the original agent. Longer term
study is warranted for this agent."

3. "For the chemicals studies, stability in long-term storage and agent residue should not be major
deciding factors in determining selection of appropriate agents for further study. As noted above,
CF;l could be an exception."

In a second study, Harris? examined FC-218, HFC-125, HFC-227ea, and CF5I more closely, that is, over a
longer time and at more than one temperature (see Table C.3).

All agents were tested in the presence of Nitronic-40, Ti-15-3-3-3, C4130, and Inconel 625. The storage
vessels were stored at the prescribed temperatures for as many as 52 weeks. At specific times the cylinders were
removed from storage, cooled, and the contents analyzed by FT-IR. After conducting the study, Harris concluded:

1. "The fluorocarbon agents FC-218, HFC-125, and HFC-227ea were stable at temperatures as high as

150°C for as long as 48 weeks. No by-products were formed."

"CF;l degraded at 100°C and was accelerated at 150°C."

"CF;H, CO,, and CO were produced in low levels as degradation products of CF;L."

"The presence of moisture accelerates the degradation of CF;1."

"The presence of copper accelerates the degradation of CF;1."

"The presence of copper and moisture accelerate the degradation of CF;1."

"An abundance band at 950 cm™! was generated in the CF;I samples that may be from a fluorinated

alkene; the presence of copper at 150°C caused the double bond to break."

8. "Storage at ambient conditions of any of the four agents is feasible, but storage at elevated
temperatures for CF;I needs more study."

Nk v

Table C.3 Test Matrix for Harris Study

Agent Temperature

FC-218 150°C

HCFC-125 23°C and 150°C
HFC-227ea 23°C, 100°C, and 150°C
CF;I (dry) 23°C, 100°C, and 150°C
CF;I with Cu (dry) 23°C and 150°C

CF;I (moist) 150°C

CF;I with Cu (moist) 150°C
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APPENDIX C 82

EFFECTS OF HALON-LIKE ALTERNATIVE AGENTS ON ORGANIC MATERIALS AND
METALS

Storage Considerations

In considering of the storage of halon-like agents, the long-term effects of the agent on elastomeric sealing
gaskets and lubricants in the storage system must be considered. In this connection, a specific evaluation of
various fluorocarbons (FCs), hydrofluorocarbons (HFCs), and hydrochlorofluorocarbons (HCFCs), acting on
relevant elastomeric gasket materials and lubricants, has been carried out by McKenna et al.’> at NIST. The
elastomers investigated included silicones, fluorosilicones, fluorocarbons, neoprene, and nitriles. The lubricants
included a fluorinated grease, a perfluoropolyether grease, and a commercial aircraft grease.

Two methods of evaluation were employed. The first method involved measurement of the degree of
swelling of the elastomer or lubricant on exposure to agent vapor. If the amount of solvent absorbed was small,
the agent was reckoned to have good compatibility; i.e., it did not damage the elastomer or the lubricant. Bad
compatibility was implied by excessive swelling, and fair compatibility was intermediate between the two. The
measurements were carried out at 35°C. This method is indirect in the sense that it does not measure the effect
on the mechanical properties of the elastomer or lubricant. Good compatibility implies equilibrium sorption of a
weight fraction less than 0.22, while bad compatibility implies sorption greater than 0.38.

The second method involved measurement of mechanical properties of the elastomers and lubricants after
extended exposure (weeks) to agent vapor at elevated temperature and pressure (150°C, 5.86 Mpa). The authors
concluded that testing at 150°C was too severe, but the data are indicative if not interpreted absolutely. For
elastomers the mechanical properties are compression set resistance, i.e., the tendency to spring back after
compression, and elongation reduction in ultimate tensile testing, i.e., the loss of stretchability. These mechanical
factors are directly relevant to gasket performance. Bad compatibility is indicated when the ultimate elongation
decreases by 65% after a 2-week exposure to agent. Fair compatibility, i.e., marginally acceptable, is indicated
by a 65% loss in 4 weeks.

Lubricants responded to exposure to an agent in a different manner. The mobile fraction of the lubricant is
extracted by the agent over time, leaving a powdery residue that is unsuitable as a lubricant. Bad compatibility
signifies an agent that leaves the lubricant powdery after 4 weeks of exposure. Good compatibility implies that
the lubricant does not become powdery after 6 weeks of exposure.

Results are given in Tables C.4 and C.5. The first letter (B, F, or G) is the poorer of the two mechanical
ratings, i.e., compression set resistance or reduction of elongation. The second letter is based on swelling
measurements. In drawing conclusions from the ratings one must be aware of the authors' admonition that the
exposure conditions prior to mechanical testing (150°C) were too severe. Even so, until further test results are
available, the information may be used for tentative screening. Examination of Table C.4 suggests that neither of
the nitriles is promising as a gasket material with halon-like agents. Fluorocarbon elastomers are similarly
unsuitable. Silicone, fluorosilicone, and neoprene elastomers emerge as superior candidates, but there are
sufficient negative entries to make further testing necessary before selecting a material. In assessing the
compatibility of lubricants, the mechanical property measure is probably most relevant. That is, the tendency to
become powdery appears to be the failure mechanism, and swelling may not measure this tendency. Even so, the
mechanism may be more complex, and further testing under milder conditions of exposure is indicated. The data
in Table C.5 do not offer unambiguous clues for distinguishing among the three lubricants.

The study of McKenna et al. is an excellent beginning but, as the authors point out, further testing is
required. Their study contains a wealth of interpretation not included herein. The results do lead to optimism that
effective, long-lived gasket and lubricating materials can be found for a given halon-like fire fighting agent. It
should be noted that other classes of elastomers could be considered (e.g., polyacrylates and polyphosphazenes).
It is recommended that specific tests be carried out before designing a system.
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Table C.4 Elastomer Compatibility

Agent Silicone F-silicone Neoprene Fluorocarbon Nitrile Nitrile (low T)
FC-116, C,Fq G/G G/G G/G B/G F/G B/G
FC-218, C5Fg G/G G/G G/G B/G F/IG B/G
FC-31-10, C4Fy, G/F F/IG F/G B/F B/F B/F
FC-318, c-C4Fg G/G G/G G/G G/G F/IG F/F
HFC-236fa, C3H,Fq G/F G/B B/B B/B B/F B/B
HFC-32-325" G/F B/G F/G B/G B/G B/G
HFC-227ea, C;HF; G/F G/F F/G B/F B/G B/B
HCF-134a, C,H,F, G/F G/F F/G B/G B/G B/G
HFC-125, C,HF; G/G B/G G/G B/F B/G B/G
HCFC-22, CHF,Cl B/F G/F B/G B/F B/B F/B
HCFC-124, C,HF,Cl1 B/B G/F B/F B/F B/F B/F

NOTE: G, F, and B mean good, fair (i.e., between good and bad) and bad, respectively. In this context, a good solvent is one that does
not diminish the desired behavior of an elastomer or lubricant. Two measures are given for each, representing the separate mechanical
and sorption methods of characterization. See text.

* HFC-32-325 is an azeotrope of CH,F, and C,HFs.

Table C.5 Lubricant Compatibility

Agent Krytox 240AC Braycote 600 Braycote 807
FC-116, C,F¢ F/F G/F F/F
FC-218, C5Fg B/G B/G B/G
FC-31-10, C4Fy, B/F B/B B/B
FC318, c-C4Fg B/F B/F B/F
HFC-236fa, C3H,Fq G/G G/G G/G
HFC-33-125" G/G G/G G/G
HFC-227ea, C;HF; B/F G/F G/F
HFC-134a, C,H,F, B/G B/F B/G
HFC-125, C,HF; G/F G/G G/G
HCFC-22, CHF,Cl B/F B/G F/F
HCFC-124, C,HF,Cl1 G/G G/G G/G

NOTE: G, F, and B mean good, fair (i.e., between good and bad) and bad, respectively. In this context, a good solvent is one that does
not diminish the desired behavior of an elastomer or lubricant. Two measures are given for each, representing the separate mechanical
and sorption methods of characterization. See text.

* HFC-32-125 is an azeotrope of CH,F, and C,HFs.
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The possibility of corrosion of the storage and distribution equipment induced by halon-like agents has been
studied by Ricker et al.* as reported in the NIST document cited above. These authors document studies that
indicate that the halon-like agents do not pose serious corrosion problems for metals likely to be employed.
Again, specific tests are recommended before implementation of materials choices.

Effects on Plastics and Other Organic Materials

The halon-like alternative agents tend to be chemically inert under most anticipated storage and discharge
conditions. They would not be expected to exhibit deleterious effects on organic materials present, for example,
in equipment or in protected spaces. Examples of organic materials that may be of concern include wire
insulation, packaging for solid-state circuitry, circuit boards, floor coverings, paint, furniture coatings, and so on.
Machinery spaces aboard naval ships, in general, have less exposed organic material than is typical of other
occupied spaces.

Owing to the short exposure time associated with agent discharge in a fire fighting incident, no significant
chemical deterioration of exposed organic materials is expected. A mode of failure called environmental stress
cracking does exist, and it may be prudent to conduct specific tests on relevant plastics under stress in the
presence of the agent in critical areas such as wire insulation. For materials used in typical shipboard machinery
spaces, the likelihood of material failure resulting from agent discharge is very low. The reader is referred to the
Modern Plastics Encyclopedia® and a document from the American Society for Testing Materials® for more detail.

Effects of Discharged Agents on Metals

During flame extinguishment, some acid is formed by the decomposition of halons and halon-like
alternative agents. This effect is smaller when the time to extinguishment is shorter. Thus, the release of a larger
quantity of agent can result in a smaller quantity of acidic decomposition by-products such as HF.
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Appendix D
Water Mist Fire Suppression Technology

Water mist fire suppression systems have been studied for at least 50 years. While no practical or
commercially demonstrated systems have been developed until recently, the basis for use of fine liquid water
droplets for gas-phase fire suppression is relatively old. Recent interest in water mist technology has been driven
by two events. The need for low-weight-impact replacement sprinkler systems on commercial ships driven by
International Maritime Organization (IMO) regulations requiting retrofit of most commercial marine vessels
gave immediate impetus to the development of low-water-demand, high-efficiency mist systems to replace
sprinkler systems. The second driving force was the phase-out of halons and the search for alternative
technologies that preserve all or most of the benefits of a clean total flooding agent without having a negative
environmental impact.

The state of technology is such that water mist systems for replacing low-pressure water sprinkler systems
aboard ships are relatively well developed and have been commercialized. The use of water mist as a
replacement for halon 1301 as a total flooding agent is in its infancy but has been demonstrated for certain naval
applications.

Fine water mist has been an active area of research and development, and many commercial systems are
available or in development. Fine water mist relies on relatively small (<200 pm) droplet sprays to extinguish
fires. In theory, the small drops allow the mist to move around obstructions and extinguish fires, mimicking
characteristics of a total flooding gas. The mechanisms of extinguishment include flame cooling by droplet
heating and evaporation, oxygen depletion by steam expansion, wetting of surfaces, and oxygen depletion due to
combustion products.

Water mist systems may have a number of advantages, including possible low cost, absence of toxicity or
adverse environmental effects, efficacy in suppression of flammable liquid pool and spray fires, and potential
efficacy as inerting or explosion suppression systems. The potential efficacy of water mist fire suppression
systems has been demonstrated in numerous studies and in a wide range of applications, including Class B spray
and pool fires'->3* and fires m aircraft cabins,>® shipboard machinery and engine room spaces,’%%10:11.12
shipboard accommodation spaces,'? and computer and electronics applications.'*!

To summarize, these experimental efforts have shown that the efficacy of a particular water mist system is
strongly dependent on the ability not only to generate sufficiently small droplet sizes but also to distribute a
critical concentration of droplets throughout a compartment.'®!7-!8 There IS some evidence that the droplets
must interact with the flame sheet with sufficient momentum to penetrate the flame. Factors that affect the
distribution of this critical concentration of water mist include droplet size, velocity, the spray pattern geometry
and the momentum and mixing characteristics of the spray jet, and the geometry and other characteristics of the
protected area. While it is relatively easy to generate a dense aerosol of small droplets, it is more difficult to
provide sufficient momentum to distribute the spray throughout the space, around obstacles, and so on. Hence,
water mist must be evaluated in the context of a system, and not just as an extinguishing agent.

It is apparent that when water mist systems are being evaluated for fire extinction capability as opposed to
fire suppression (an easier task), their sensitivity to the details of the area being protected must be considered. It
is therefore essential to develop worst-ease fire scenarios and hazard geometries to evaluate the fire
extinguishing capabilities of water mist systems.
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THEORETICAL AND DESIGN CONSIDERATIONS

The major difficulties with water mist systems are those associated with design and engineering. These
problems arise from the need to generate, distribute, and maintain an adequate concentration of properly sized
drops throughout a compartment while gravity and agent deposition losses on surfaces deplete or reduce the
concentration.

There is no current theoretical basis for predicting optimal drop size and velocity distribution, spray
momentum, distribution pattern, and other important water mist system parameters. This is of course analogous
to the lack of a theoretical basis for nozzle design for total flooding gaseous systems, and/or even conventional
sprinkler and water spray systems.

Extensive experimental and theoretical work aimed at predicting critical adiabatic flame temperatures
appears to indicate a range between 1600 to 1900 K, depending on the fuel. According to Holmstedt,'® there are
two possible methods by which water spray may extinguish a fire: by extinction of the flame or by cooling of the
fuel. Holmstedt states that fuel cooling is performed by larger drop sizes and hence is only relevant to
suppression of solid combustible fires. It is possible, however, to use the momentum of large droplets (> 200
um) to drag or entrain smaller droplets, thus providing a mechanism for mixing and distribution.

The potential is present for water mist to act as a true flooding agent if the mass median drop size is below
20 microns. At this level, its suppressing efficiency is twice that of halon 1301 per unit weight. Before this
becomes possible, methods of controlling the droplet transport must be developed. The amount of water required
to lower the flame temperature to the range of limiting values is between 0.15 to 0.25 L/m? (1.0 to 1.8 gal/1000
ft3). The actual concentration required may be less than this due to the oversimplification discussed previously.

The predominant variables contributing to the production of this concentration are drop size and flow rate.
Drop size plays an important role in estimation of the required flow rate as well as in the production of a critical
concentration of drops. Drops under 50 microns begin to exhibit characteristics of a gas in the increase in fall
time and decrease in terminal velocity. Conversely, larger drops fall faster, resulting in greater fallout losses.
Water flux densities (flow rate per unit area) vary significantly across experimental test programs, ranging from
1.5 Lpm/m? to as high as 10 Lpm/m2.2%2! The significantly higher water flux densities recommended by
Gameiro and Mawhinney may be a function of inefficient production of critical concentration (i.e., greater losses
due to a larger drop size, poor mixing, and so on).

The primary loss mechanism, plate loss caused by gravity and spray impact on walls and obstructions,
presents a very difficult technical challenge. From a design standpoint, the loss is overcome by using larger
water flow rates and continuous discharge of water. In this sense, current water mist systems greatly exceed the
theoretical minimum water concentrations described previously.

Vent loss rates are a function of the size of the vent, the size of the fire (which drives the flow through the
vent), any other pressure induced across a compartment boundary, and the concentration of drops in the
compartment. Evaporation losses are significantly more difficult to calculate or estimate. The evaporation of a
drop is a function of drop size, initial temperature, velocity with respect to the surrounding gas, gas temperature,
and so on. It is worth noting, assuming all things are constant, that the life of a drop is usually proportional to the
square of its diameter.

RECENT TECHNOLOGY ADVANCES

Misting/Atomization Technology

During the past decade or so, there has been an expansion of the science and technology of the
transportation of bulk liquids into fine sprays (atomization). The primary contributors to this technology have
been the combustion industry (fuel spray atomization), the chemical industry (spray drying), and the power
industry (evaporative cooling). Significant information relevant to water mist applications for fire suppression
can be extracted from this knowledge base.
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Atomized sprays may be produced in various ways. Basically, all that is needed is a high relative velocity
between the liquid to be atomized and the surrounding air. Some atomizers accomplish this by discharging the
liquid at high velocity into a relatively slow-moving stream of air. Notable examples include the various forms of
pressure atomizers. An alternative approach is to expose the relatively slow-moving liquid to a high-velocity
airstream. The latter method is generally known as dual-fluid, air-assist, or air-blast atomization.

Two atomization technologies are incorporated in water mist suppression systems under development and/
or consideration: single- and dual-fluid systems. Single-fluid systems (pressure atomizers) utilize water stored or
pumped at high pressure (40 to 200 bar) and spray nozzles with relatively small orifice sizes. Dual-fluid systems
use air, nitrogen, or other gases to atomize water at a nozzle. Both types of systems have been shown to be
effective fire suppression systems.

U.S. Navy Water Mist Technology

The U.S. Navy has developed a machinery space water mist system that utilizes a modified high-pressure
spray nozzle. The nozzle design is described in several Naval Research Laboratory (NRL) reports.?>?3* The
basic design approach is to produce high volumes of 100-um droplet (mean diameter) sprays with very high
spray momentum to achieve rapid suppression of large hydrocarbon pool or spray fires. These nozzles emit 2
gpm at 1000 psi and are spaced approximately 8 ft apart on a uniform grid mounted in the overhead and at the
intervening deck level in the machinery space. This system has been tested extensively on the ex-USS Shadwell,
the NRL fire test vessel in Mobile Bay, Alabama. It is capable of suppressing fires in seconds. The Navy's water
mist system is not particularly effective on highly obstructed small fires, although it provides substantial cooling
and limits the fire size, thereby enabling relatively safe manual fire fighting.

Compared to some commercially available technology, the Navy system uses relatively high water flow
application rates (approximately 0.06 to 0.07 gpm/ft?, which is on the order of three to four times the rate of the
best available systems). The relatively high water flow rate requires significant pumping and electrical power
capacity. For the LPD-17's largest machinery space, a 250-hp motor is required for a 200-gpm pump.

On new-design naval vessels, electrical power and water supply are not particularly difficult constraints,
and so the relative efficiency of the system is not an issue. For any retrofit application, however, the current
Navy design would be problematic, and the water flow rates of this system would make the use of stored
pressure cylinders (vs. pumps) quite difficult. This would substantially limit the application of this system for
small individual compartments such as flammable liquid storage rooms.

One important component of the Navy system is that it was designed, developed, and tested under
significant time constraints and is scheduled for installation on the LPD-17. Optimization of the system or
evaluation of alternative designs can and should be pursued if additional applications, particularly retrofit or
protection of small enclosures, are envisioned.

Commercial Water Mist Fire Suppression Systems

At least 11 water mist system technologies are currently available or under development using either dual-
fluid (N»/air and water) or single-fluid high-pressure systems. Table D.1 summarizes the commercially available
water mist systems that can be used to protect against flammable and combustible liquid hazards. While the
performance of these systems varies widely, development of this technology has just begun, and improvements
in the effectiveness and efficiency of water mist systems can be expected.
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Table D.1 Commercially Available Water Mist Systems

Manufacturer Atomization Method Pressure Source IMO Machinery Other Flammable/
Space Approval® Combustible Liquid
Applications®
ADA Technologies/ Dual fluid Cylinders, low No Yes
Fike atomization pressure
Reliable/Baumac High pressure, single Pumps No Yes
fluid
Kidde International Low pressure, single Pump No Yes
fluid
Grinnell Low pressure, single Pump No Yes
fluid
Unifog High pressure, single Pump/cylinders Yes (<500 m?) Yes
fluid
Marioff High pressure, single Pump or cylinders Yes (< 3000 m%) Yes
fluid
Securiplex Dual fluid, air Cylinders, low No Yes
assisted pressure
Wormold/Total Low pressure, single Pumps No Yes
Walther fluid

2 International Maritime Organization (IMO) approval based on successful completion of machinery space testing in accordance with
MSC Circular 668 (1995) is noted along with limitations on machinery space volume for those tests.

b as indicated by testing performed by the U.S. Navy, U.S. Coast Guard, National Research Council of Canada, or a similar national
laboratory.

EXPERIMENTAL EVALUATION OF WATER MIST SYSTEMS

The efficacy of water mist fire suppression systems recently has been demonstrated through experimental
programs for a range of applications, including the following:

* Class B spray and pool fires;?>26:27-28
 Aircraft cabins;2%-3031

e Shipboard machinery and engine room spaces;3>33.34:33.36.37
* Shipboard accommodation spaces;*® and

 Computer and electronics applications.3%40

In addition, Factory Mutual Research Corporation has developed a performance-based approval standard
for water mist applications for turbine generator enclosures and machinery spaces.

The following sections partially summarize water mist system testing in applications similar to those for the
U.S. Navy requiring replacement of halon 1301.

Naval Research Laboratory, Small Compartment Testing

Over 500 water mist system tests have been conducted by the NRL. Many of these tests were part of an
ongoing investigation into the use of water mist as an alternative for halon in machinery space applications for
the U.S. Navy.*!4243 These tests have included both generic systems utilizing modified
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industrial spray nozzles and commercially available fire protection misting hardware. The systems tested cover
the spectrum of available technologies, including dual-fluid fixed orifice, dual-fluid sheet/slit orifice, single-
fluid, high-pressure multiple-orifice heads, and single-fluid, high-pressure grid/matrix-type systems. It was not
the intent of this set of NRL investigations to judge one system in terms of another, but rather to determine the
capabilities and weaknesses of water mist technology.

Each system was evaluated in a variety of configurations to achieve optimal results. The fire-fighting
capabilities of these optimized systems varied only slightly for a given flux density. The results were driven
primarily by the similarity in drop size distribution between the systems, with the mass mean diameter of drops
measured as Dygs ~ 75 Tm = 25 Tm. (The mass mean diameter, D, 5, is defined as the diameter of a drop such
that 50% of the total liquid volume/mass is in drops of a smaller diameter.)

Some general observations from this effort to assess the fire-fighting performance of water mist systems are
as follows:

* All of the systems evaluated were able to extinguish unobstructed fires on the floor of the compartment
with spray flux densities on the order of 1.0 Lpm/m?;

* Many fires located at higher elevations in the compartment were extinguished, and the remaining fires
were reduced dramatically in size;

* Large fires are easier to extinguish than small fires owing to the displacement of oxygen by the
expansion of the water mist to steam as well as to higher plume entrainment rates associated with larger
fires;

» The fire-fighting capabilities of the two-fluid systems were found to increase when nitrogen and other
inert gases were substituted for air as the second fluid; and

* Obstructed fires become more difficult to extinguish with increased horizontal drop travel distance (i.e.,
horizontal distance from the higher flux density region near the spray pattern to the fire source). Many
fires were extinguished at distances on the order of 0.3 m (1 ft) but were not extinguished from greater
distances. It is worth noting that many of the highly obstructed fires, although not extinguished, were
greatly reduced in size by the presence of the water mist.

The MicroMist system by Baumac and the Marioff system represent the extremes of design philosophy for
single-fluid, high-pressure water mist systems. One relies on spray momentum for distribution and mixing of
drops; the other utilizes many nozzles that produce small droplets with virtually no spray momentum.

The major feature of the Marioff nozzle is its droplet size distribution. The flow pattern comprises both
large (~100 pm) and small (<50 um) drops. The large droplets provide spray momentum, which assists in
penetration and mixing. Typical spacing is 120 to 150 ft* per head.

Utilizing 1000-psi water supplied by a pump, the Baumac International MicroMist system produces a large
amount of very small droplets with almost no momentum in the spray. This is the system that most closely
approximated a "total flooding" system. It was capable of effectively extinguishing a majority of the
unobstructed fires and demonstrated superior fire-fighting capabilities (compared to the other systems tested) in
the obstructed pan and comer fire scenarios. In a broader context, these extinguishment efficiencies are still
dramatically lower than those of a gaseous agent and would be viewed as inadequate for a total flooding system.

Dual-fluid systems (air atomized) use air at 30 to 100 psi to atomize water supplied at 25 to 100 psi. The
droplet size distribution can be varied across a wide range by changing the relative water and air flow rates, air
pressure, and nozzle orifice design. Several of these types of systems are commercially available. They have
been shown to be very effective against localized flammable-liquid hazards.
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Table D.2 Performance of Two Navy Water Mist System Types

Extinguishment Time (min:s)

Grinnell AquaMist Spraying Systems Company

SYSTEM CHARACTERISTICS

Nozzle pressure 18 bar (250 psi) 18 bar (250 psi) 105 bar (1500 psi) 105 bar (1500 psi)

System flow rate 310 Lpm (82 310 Lpm (82 gpm) 166 Lpm (44 166 Lpm (44 gpm)
gpm) gpm)

Application rate 1.86 Lpm/m? 3.69 Lpm/m? 1.01 Lpm/m? 2.03 Lpm/m?
(0.046 gpm/ft?) (0.091 gpm/ft?) (0.025 gpm/ft?) (0.050 gpm/ft?)

Nozzle location Single level Bilevel Single level Bilevel

SCENARIO

Scenario 2 (4.5 MW)"

Fire #1 3:30 1:18 1:45 0:20

Fire #2 4:00 0:41 1:27 0:20

Fire #3 0:50 No 0:40 0:20

Fire #5 2:05 No 1:30 0:20

Scenario 4 (7.5 MW)"

Fire #1 1:40 2:05 1:20 0:20

Fire #2 2:25 1:02 1:25 0:15

Fire #3 0:20 1:12 0:50 0:20

Fire #5 0:55 No 1:15 0:25

Scenario 5 (7.5 MW)™

Fire #1 3:41 No 2:30 0:40

Fire #2 No No No No

Fire #3 0:55 No 0:20 0:40

Fire #5 No 2:40 1:15 0:50

* Ventilation (exhaust and supply) was secured during mist system activation.
* Ventilation (exhaust and supply) remained operating during this test.

Naval Research Laboratory, Machinery Space Testing

The NRL conducted several series of full-scale tests aboard the ex -USS Shadwell, a damage control and
fire-fighting test vessel located in Mobile Bay, Alabama. Testing was performed in a simulated machinery space
with a volume of 926 m? (36,000 ft3). Five water mist nozzle types were evaluated. The tests, which were
conducted m 1994 and 1995,*434647 included diesel and heptane pressurized spray and pool fires and heptane
pool fires ranging in size from 3.5 to 7.5 MW. Table D.2 summarizes the performance of two systems, including
the Spraying Systems Company's modified nozzle for a two-level nozzle grid installation. For all fires, the
extinction times with the high-pressure system were very short. The only failure to extinguish occurred in
Scenario 5, where the ventilation system was not left operating throughout the tests. Scenario 4 was identical to
Scenario 5 except that ventilation was secured. In an actual installation, the ventilation would be secured, as it is
for halon systems, during the system discharge.

[0}
(2]
®
<
o
<
O
©
[0}
(2]
£
>
©
IS
c
(0]
o
Q
(]
@®©
c
[0
[0}
o]
(9]
>
©
<
>
@®
€
2]
24
]
o
£
(0]
Q
<
Q.
®©
o
D
o
o
>
2
[0)
£
(o]
w
e
C
©
5
Q
=
©
S
(0]
o
(]
o]
=
o
c
C
@
(6]
=
(9]
>
[©)
3
o
~
%
C
£
@®
€
£
(]
o
L2
=
[$]
[0}
Q.
(ll’)
D
C
E
[0}
[}
[0}
o
>
2
o
(]
L
£
o
T
C
@®©
3
k]
>
=
(2]
D
£
©
@®©
(0]
<
%)
-
©
(]
o
o]
o
2
o
2
%)
c
S
D
C
K9]
(0]
£
©
£
2
=
(]
(0]
e
e
o
ie)

o
S
2
E
o)
2
©
o
4
©
O
ot
a
©
o)
©
o
»
Q2
=
o
=
=
=
©
[}
O
Q
>
2
©
£
2
=
e}
©
<
=
IS
o
=
-
o
C
X
[}
o
a
=
@
Q
©
a
©
£
2
e
e}
©
L
£=
€
o
2
=
o
o}
9
©
i}
o
G
»
Q2
=
—
=
X
IS
o
2
=
o
@
[}
o
a
€
e}
o
o}
ot
S c
=)
o =
>
» el
© =
< E=]
~ ©
- —_
258
— c
© kel
= 7
g’ )
5 >
o
Qv >
< 8=
u 3
s} o=
e}
c
kel £
= =}
% ©
©
I} <
w -—
[} %)
s ®©
O c
= i<l
SoTg
oo L
S o
>3
2 a
2y
25S
2%
.e c
Q2 kel
= 2
w o
>
T2
£
» c
= a
= ©
=] =
I}
a9
< >

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5744.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the original typesetting files. Page breaks are true

to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be retained, and some typographic errors may have been accidentally inserted. Please

use the print version of this publication as the authoritative version for attribution.

APPENDIX D 91

U.S. Coast Guard, Machinery Space Testing

The U.S. Coast Guard conducted a series of full-scale tests in a simulated 560-m> machinery space. The
tests were designed to evaluate the performance of five different water mist nozzles, including the performance
of the Spraying Systems Company/U.S. Navy nozzle as measured by the IMO test procedure for merchant vessel
machinery space fire protection systems. The IMO test procedure includes heptane and diesel fuel spray and pool
fires ranging in size from 1.0 to 6.0 MW.

Overall, these tests demonstrated the ability of water mist systems to control or extinguish a range of liquid
pool and spray fires. The tests underscored the difficulty of extinguishing small or obstructed fires and the
importance of compartment size in evaluating mist systems (due to oxygen depletion caused by the fire). The
tests also demonstrated the generally superior performance of high-pressure (>60 bar) nozzles, including the
Navy nozzle, particularly in extinguishing small or obstructed fires.

Factory Mutual Gas Turbine Enclosure Testing

Factory Mutual Research Corporation (FMRC) has developed a fire test procedure for evaluating water
mist-based fire protection systems for combustion turbine enclosures. At least three commercial water mist
systems have successfully completed the testing regime, but only one system (Securiplex) has completed all
product certification requirements.

The FMRC test procedure is used to evaluate water mist systems for compartments up to 260 m3. It is
designed to demonstrate system performance on relatively small (1 MW), highly obstructed, flammable and
combustible liquid pool and spray fires. An additional important feature of the testing is evaluation of the heat
transfer rates between the mist spray and turbine casings. Tests are conducted and heat transfer modeling
performed to ensure that, under worst-case conditions, the turbine casing does not deflect excessively.

While the FMRC tests are conducted in compartments that are relatively small compared to Navy
machinery spaces, the results are of interest for naval gas turbine enclosures and also are indicative oft he
performance of current commercial water mist hardware. These systems are significantly more efficient than the
Navy mist system owing to several factors. Since the use of pumped systems has significant cost and complexity
penalties for commercial applications, stored-pressure systems are preferred. As a result, very space- and weight-
efficient, completely self-contained water mist systems have been developed. For example, one system utilizes
three 50-L cylinders and four nozzles to provide protection for 15 minutes in an enclosure with a volume of 260
m?, a capability that may be of interest for the protection of Navy flammable storage spaces and turbine
enclosures. Another feature of these systems is that the water flow is cycled on and off, a technique that not only
minimizes water use but also has been shown to improve fire extinguishing performance.

The FMRC approval testing has demonstrated the efficiency of water mist in this application. The systems
developed are very cost effective and have performance advantages over halon 1301 and other total flooding gas
systems.

National Research Council of Canada

Mawhinney*® developed engineering design criteria for machinery space water mist fire suppression
systems based on Canadian Navy experiments conducted at the National Fire Laboratory in Canada. Key
characteristics of such systems include drop size distribution, spray flux, and spray momentum, among others. If
the spray is mixed with additives, this, too, is an important characteristic that can affect performance. Test results
are based on the use of a particular set of nozzles for a particular set of conditions. Committing to one particular
nozzle or system design for all applications would not be appropriate until all engineering constraints have been
analyzed. System design must be based on fire suppression objectives and overall system economics in making
the decisions on whether to use low-pressure, intermediate-pressure, high-pressure, or twin fluid nozzles.
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Water mist does have total flooding limitations, particularly for the nozzles tested by Mawhinney, as do all
types of total flooding fire suppression systems. For the purposes of the Canadian Navy, the maximum
compartment size is set at 200 m? to meet economic and space and weight restrictions for storage.

Mawhinney concluded that water mist is potentially an effective fire suppressant for hydrocarbon liquid
pool and spray fires depending on the geometry of the compartment.

Sintef (Norway)

A fire research organization in Norway (Sintef) has conducted extensive tests on water mist in flammable
and combustible liquid fires. The tests were performed on two different scales. The first was a 30-m 3 test
enclosure used to develop the characteristics for the full-scale 70-m? enclosure. The purpose of the phase I work
was to identify the extinguishing characteristics of various BP Sunbury Research Center nobles and determine
the efficiency of Ginge-Kerr Offshore's total fire suppression system. The suppression system had a dual fluid
nozzle design using air and water at 5 bar. The nozzles produced a high-velocity, small-droplet water mist.

Phase II tested and evaluated the efficiency of fine water spray nozzles in fighting various turbine hood fires
in a full-scale test enclosure, consisting of an engine mock-up used to simulate the hot engine surfaces, insulation
mats, and piping that would be found in a real engine hood. Diesel pool and spray fires, and diesel-soaked
insulation mat fires, were fought under differing conditions of air flow and nozzle position and flow.

The test results ran the full range of possibilities. Large underventilated gas, pool, and oil spray fires were
extinguished with the addition of small amounts of water. This was due to near self-extinguishment caused by
lack of oxygen being introduced into the hood.

Large well-ventilated gas, pool, and oil spray fires, and fires from oil spray hitting hot metal surfaces,
produced varying results. The fires were extinguished in the cases where the mist was able to reach the base of
the fire, but not when the droplets could not do so. The oil spray fire on hot metal surfaces was extinguished
consistently when the water spray system covered the full area at which the oil spray hit the metal surface, even
in the cases when the metal surface temperature remained high.

It was found that 1-m? (medium) well-ventilated pool fires, small pool fires (<< 1 m?), and fires in oil-
soaked insulation mats were very difficult to extinguish. The droplets were not able to penetrate the fire to
effectively evaporate the water in the flame zone, nor could they reach the base of the fire.

In the final condition, oil-soaked insulation mats with hot metal surfaces below the mat, the fires were
extinguished successfully but had a tendency to reignite. Reignition could be curbed with sustained addition of
the water mist to both displace oxygen and cool the metal surface.

The effectiveness of water in the form of a fine water spray as an extinguishant has been demonstrated
recently in full-scale testing conducted at Sintef laboratories in Trondheim, Norway. A full-scale mock-up of an
enclosed ABB Stal GT-35 gas turbine was used for the purpose of these tests.

In conclusion, the ability of a fine water spray to extinguish fires in gas turbines has met the initial
performance requirements with substantial safety margins built in. In installations equipped with 200 liters of
water, only 10 liters were required to extinguish a large fire, leaving ample amounts for additional discharges.
The concerns of thermal shock were resolved.

CURRENT STATUS OF WATER MIST SYSTEMS

The efficacy of water mist fire suppression systems as an alternative to halon 1301 or other total flooding
gases in naval and marine flammable and combustible liquid hazard areas, including machinery spaces, has been
demonstrated. Water mist has a particular advantage over gases due to the substantial environmental and hot-
surface cooling that occurs. While water mist systems may also have advantages with respect to reduced space
and weight requirements and lower cost relative to total flooding gas systems, these parameters vary widely for
systems and specific applications.
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The Navy-developed nozzle, a modification of a commercially available high-pressure nozzle, has
demonstrated good performance over a range of fire scenarios and may represent substantial improvements in
water mist technology relative to the other designs currently contemplated for use by the Navy. Such
improvements may provide opportunities to broaden the application of water mist systems through
improvements in space and weight impacts and retrofit potential.

However, the need for substantial full-scale testing to improve the currently inadequate fundamental
understanding of water mist fire suppression and extinguishment mechanisms represents a substantial cost,
timing, and optimization barrier to additional development.
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Activation energy:

Adiabatic:
AFFF:

Alkanes:
Atmospheric lifetime:
Bilge:

CAAA:
Cardiotoxicity:
CFCs:

CVN:

DDG:

DNA:

EKG:

Endothermic reaction:
Enthalpy:

Entropy:

EPA:

FAA:
Fetotoxicity:
FFG:

Frigate:
Greenhouse gas:
GWP:

Halocarbon:
Halon:
HARC:

HCFCs:
Heat capacity:

Heat of formation:
Heterogeneous reaction:

HFCs:
HRC:
HTOC:

Appendix E
Glossary

the energy, over and above the ground state, which must be added to a reaction system in order to
prompt the reaction to occur.

referring to any change in which there is no gain or loss of heat.

aqueous film-forming foam; a water-based foam used primarily to fight flight-deck fires aboard
ships that carry aircraft.

hydrocarbons having the formula C,H,,,,,.

average length of time a compound survives in the atmosphere.

the inside bottom of a ship or boat.

Clean Air Act Amendments of 1990.

toxic effects with impact on heart tissue or function.

chlorofluorocarbons; carbon compounds containing both chlorine and fluorine.
nuclear-powered aircraft carrier.

a guided-missile destroyer.

deoxyribonucleic acid; the molecule that stores genetic information in biological systems.
electrocardiogram

a chemical reaction that absorbs heat.

also known as heat content or total heat; the sum of the internal energy of a system plus the
product of its volume multiplied by the pressure exerted on the system by its surroundings.

a measure of the disorder of a system, equal to the Boltzmann constant times the natural logarithm
of the number of microscopic states corresponding to the thermodynamic state of the system.

Environmental Protection Agency.

Federal Aviation Administration.

toxic effects with impact on a fetus.

Fiscal and Force Capability Guidance guided-missile frigate.

an ocean escort ship that is smaller and slower than a destroyer.

a gas that absorbs infrared radiation and thus contributes to radiative forcing.

global warming potential; an index that represents a cumulative measure of the expected effects on
global climate from the emissions of a gas relative to carbon dioxide (CO,).

a carbon compound containing one or more of the halogen elements (fluorine, chlorine, bromine,
and iodine).

or halons; a generic term referring to halocarbons containing bromine that are widely used as fire
and explosion suppressants. The term "halon" is used in this report to refer to halon 1301 (CF 3;Br)
and halon 1211 (CF,CIBr).

Halon Alternatives Research Corporation.
hydrochlorofluorocarbons; hydrocarbons that contain chlorine and fluorine.

the quantity of heat required to raise the temperature of a unit mass of a substance by a fixed
amount. Materials with high heat capacity can absorb heat efficiently.

the increase in enthalpy (total heat) resulting from the formation of a fixed quantity of material
from its constituent elements.

a chemical reaction system in which the reacting agents are in different physical phases. For
example, one reactant may be a gas and the other a liquid.

hydrofluorocarbons; hydrocarbons that contain fluorine.
Halon Recycling Corporation.

Halon Technical Options Committee.
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IMO:
Inert gas generators:

Inertion:
Infrared radiation:

JSF:
Lagging:
Latent heat:

LCAC:
LHA:

LHD:
LOAEL:
LPD:
Mesosphere:

MSC:
Nacelle:

NASA:
NAVAIR:
NAVSEA:
NFPA:
NIST:
NOAA:
NOAEL:
ODP:

OECD:

OSHA:

Ozone:

Ozone layer:

PFCs:
Phase change:

Photodissociation:
Photolysis:
PKP:

International Maritime Organization

devices containing a rapidly combustible material that yields chemically inert gases, such as
nitrogen, upon combustion. Inert gas generators are widely used in automotive air bags and are
used in some fire suppression systems where the inert gas displaces oxygen and thus inhibits
combustion.

interruption or suppression of an explosion.

electromagnetic radiation with wavelengths in the range of 0.8 to 1000 pm, which is longer than
those of visible light and shorter than those of microwaves.

Joint Strike Fighter.
the insulation around pipes aboard a ship.

the amount of heat absorbed or evolved by a unit mass of a substance during a phase change (such
as melting, sublimation, or vaporization).

landing craft, air cushion.

a general-purpose amphibious assault ship.
a multipurpose amphibious assault ship.
lowest observable adverse effect level.

an amphibious transport dock ship.

the region of the atmosphere extending from about 45 to 55 km to about 80 to 95 km, characterized
by a general decrease in temperature with increasing altitude. The mesosphere extends from the
top of the stratosphere to the temperature minimum (mesopause) at the interface between the
mesosphere and the thermosphere.

Military Sealift Command.

a separate streamlined enclosure on an airplane for sheltering or housing something, such as the
crew or an engine.

National Aeronautics and Space Administration.
Naval Air Systems Command.

Naval Sea Systems Command.

National Fire Protection Association.

National Institute of Standards and Technology.
National Oceanic and Atmospheric Administration.
no observable adverse effect level.

ozone depletion potential; an index that represents a cumulative measure of the expected effects on
ozone from the emissions of a gas relative to CFC-11 (CFCly).

Organisation for Economic Cooperation and Development, an association of the world's wealthiest
and most industrialized nations that, among other things, publishes guidelines on various technical
subjects related to regulations, standards, and testing.

Occupational Safety and Health Administration.

a reactive oxygen compound (O3) found in the atmosphere; it shields Earth's surface from UV
radiation.

that part of the atmosphere in which the concentration of ozone is greatest. The term is used in two
ways: (1) to signify the layer from about 10 to 50 km in which the ozone concentration is
appreciable, and (2) to signify the much narrower region from about 20 to 25 km in which the
concentration reaches a maximum.

perfluorocarbons; hydrocarbons in which all of the hydrogen atoms have been replaced by fluorine.

the metamorphosis of a material from one physical phase to another, such as gas to liquid, liquid to
solid, or solid to gas.

synonymous with photolysis.
chemical decomposition induced by the absorption of light.

potassium bicarbonate powder.
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Radiative forcing:

Radical:
RDT&E:
Retrofit:
SNAP:
Stratosphere:

Streaming agent:

Teraflop:
TFA:
Thermosphere:

Total flooding agent:
Tropodegradable:
Tropopause:
Troposphere:

Ullage:

Ultraviolet (UV) radia-
tion:

UNEP:

UV-B radiation:

V-22:
Volume mixing ratio:

Water mist systems:

Window region:

WMO:

net change in irradiance (in watts per meter squared, Wm) at the tropopause after allowing for
stratospheric temperatures to readjust to equilibrium.

or free radical; an atom or molecule that has one unpaired electron.
research, deployment, test, and evaluation.

installation of new or updated systems in existing platforms.
Significant New Alternatives Program.

that region of the atmosphere lying above the tropopause in which, in contrast to adjoining regions,
temperature does not increase with increasing height. The stratosphere extends from the
tropopause to a height of about 50 km, where the temperature reaches a maximum.

a fire suppression agent (typically liquid) applied in a stream, often from hand-held extinguishers,
directly on an unobstructed fire.

1 million million (10'?) floating point operations per second.
trifluoroacetic acid (CF;COOH).

the atmospheric shell extending from the top of the mesosphere to outer space. It is a region of
more or less steadily increasing temperature with increasing altitude, starting at about 80 to 95 km.

an easily dispersed fire suppression agent (typically gaseous) for use in obstructed spaces.

tending to degrade, or break down into constituent elements, in the lower atmosphere
(troposphere). Tropodegradable compounds emitted at the surface are not likely to be transported
to the stratosphere.

the atmospheric boundary between the troposphere and the stratosphere, defined as the level at
which the decrease in temperature with height becomes 2°C/km or less, over at least 2 km.

the lowest layer of the atmosphere below the tropopause extending from Earth's surface to about 8
km at the poles and 16 km at the equator.

space above fuel inside a partially filled fuel tank.

electromagnetic radiation lying beyond the violet end of the visible spectrum with wavelength less
than 400 nm.

United Nations Environment Programme.

electromagnetic radiation with wavelength in the range of 280 to 320 nm, which affects plants and
animals.

"Osprey"; a vertical takeoff and landing tilt-rotor aircraft currently under development.

the ratio of the number of molecules of a species in air to the total number of gas molecules in a
sample.

fire suppression systems that dispense water in the form of finely aerosolized droplets. The fine
water mist behaves, in some instances, like a gaseous agent and is able to be dispersed effectively
in obstructed spaces.

aregion in the infrared portion of the electromagnetic spectrum with wavelengths in the range of 8
to 12 um. The atmosphere is relatively transparent to radiation in this spectral region.

World Meteorological Organization.
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