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SUMMARY

This paper provides a review of total flooding gaseous agents as Halon 1301 substitutes. Agents
are compared, based on published data, in terms of their environmental impact, toxicity, fire
suppression performance, and acid gas production from small-to full-scale tests. These data are
also collected in tables.

Acceptability of an agent by regulatory authority is mostly determined by agent toxicity. Based on
the toxicity criteria set by the U.S. Environmental Protection Agency (EPA), five commercial
halocarbons (FC-218, FC-3-1-10, HFC-23, HFC-227ea, and HCFC Blend A) and three commer-
cial inert gases (IG-01, IG-55, and IG-541) are acceptable for total flooding in normally occupied
spaces. They are less effective by weight or volume than Halon 1301, with additional limitations
and weaknesses.

INTRODUCTION
Halon 1301 is an excellent fire suppressant
and has been widely used in total flooding
applications for more than 20 years. How-
ever, halons contribute significantly to

stratospheric ozone depletion. Fire pro-
tection halons have been phased out of
production in developed countries due to
an international consensus to regulate the
use of ozone-depleting substances (ODSs)
as reflected in the Montreal Protocol (1987,
London Amendments 1990, Copenhagen
Amendments 1992).

The present challenge is to find halon
substitutes which have sufficient fire sup-

pression ability for various applications
without harming the environment and human
health. There has been extensive recent
research to develop halon replacements
and alternatives, and new results are evolving
from ongoing investigations. This paper
provides a survey of total flooding gaseous
agents as halon replacements or alterna-
tives, primarily based on the recent pub-

lications. In the following sections, gas-
eous agents will be reviewed according to
data on their environmental impact, tox-
icity, suppression performance, and acid
gas production from small- to full-scale
tests.

AGENT SCREENING AND
LABORATORY TESTING
The first systematic search for effective
gaseous fire suppressants can be traced to
the late 1940s when the Purdue Research
Foundation conducted an extensive study
of more than 60 chemical compounds for
the U.S. Armyl. A survey by McHale2 pro-
vides literature coverage on chemical

suppressants for research conducted be-
tween the late 1940s and 1969. These early
studies included many agents that are presently
being studied as halon replacements.

In the early 1990s, the National Institute
of Standards and Technology (NIST) con-
ducted a literature survey and recommended
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an exploratory list of approximately 100 chemi-
cals for testing and evaluation3. This ex-
ploratory list included various chemical
families with different physical forms (gas,
liquid, and solid) and provided a basis for
a systematic search for halon replacements
and alternatives. Nine preliminary screening
procedures were also defined for selecting
potential candidates to replace halons4.

Most of research effort has been directed
toward modifying the molecular structures
of halons to reduce or eliminate the chlo-
rine (Cl) and bromine (Br) atoms which
are responsible for ozone depletion. This
category of halon-like halocarbons, con-
sidered &dquo;replacements,&dquo; includes perfluoro-
carbons (PFCs or FCs), hydrofluorocarbons
(HFCs), hydrochlorofluorocarbons (HCFCs),
hydrobromofluorocarbons (HBFCs), and
fluoroiodocarbons (FICs)5. Tables 1 and 2
list those total flooding agents which have
been tested recently, with their physical
properties, environmental impacts, toxic-
ity, and fire suppression efficiencies3-3s.

Environmental Impact
The potential effects of an agent on the
environment are assessed on the basis of
its ozone depletion potential (ODP) and
global warming potential (GWP )6,7,36. Both
ODP and GWP are directly related to the
agent’s atmospheric lifetime (ALT )4,6,7.

PFCs are non-ozone depleting compounds
since the fluorine atom in PFCs is not an
effective catalyst for ozone loss 36 . They
are, however, very stable chemicals with
extremely long atmospheric lifetimes, ex-
tending to thousands ,of years and, thus,
emitting PFCs would contribute to global
warming. The greenhouse effect has now
become an environmental concern39. The
U.S. EPA strongly urges that PFCs be used
where no other agents can provide the
necessary level of protection or safety23,40.

Hydrogen-containing halocarbons are more
reactive with tropospheric hydroxyl (OH)
radicals than fully halogenated ones3.
Therefore, the atmospheric lifetimes of HFCs,
HCFCs, and HBFCs are significantly shorter

than those of PFCs, chlorofluorocarbons
(CFCs), and bromofluorocarbons (BFCs),
respectively. As a result, the H-containing
halocarbons have reduced GWPs and/or
ODPs. Although the environmental impact
is reduced for the H-containing halocar-
bons, some of these compounds do have
some effects. For example, HFCs tend to
be non-ozone depleting substances, but some
of them are still long-lived greenhouse gases 36;
HCFCs are transitional short-term halon

replacements due to their non-zero ODPs;
because of the presence of bromine, HBFCs
still have relatively high ODPs and have
been banned from production since 1 January
1996.

FICs can be easily destroyed by sunlight,
and all of them have ALTs of less than two

days 3,8,9,41,42. Such short atmospheric life-
times should result in negligible contribu-
tions to ozone depletion and global warm-
ing. However, only trifluoroiodomethane
(CF3I) is a gaseous FIC.

Agent Performance
Agent performance is judged first on the
basis of fire suppression effectiveness, compared
to Halon 1301. The concentration of an

agent required to extinguish a test fire
can be used as a basic comparison. A sec-
ond factor is the weight, volume, and cost
consideration of agents and suppression
system hardware. Comparative system
performances for cost, volume, or weight
depend on actual systems and users’ own
assumption. This paper will primarily compare
the weight and volume of agents. A third
factor is the discharge characteristics, including
mixing and evaporation of an agent upon
sudden release.

Cup Burner Tests
NIST used four test methods (cup burner,
opposed-flow diffusion flame burner, tur-
bulent spray burner, and detonation tube
tests) for determining the suppression
effectiveness of 10 different agents. NIST
found that the cup burner required a larger
quantity of agents than the other three
methodsll. The cup burner method has
become the most widely accepted technique
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for laboratory screening of fire suppres-
sion agents to determine the relative sup-
pression effectiveness of various agents
and the extinguishing concentrations 11-15,17

A cup burner consists of a fuel cup inside

a chimney. Liquid fuel is gravity-fed to the
cup from a reservoir and maintained at
the cup edge level. After ignition and sta-
bilization of the diffusion flame on the

cup, the agent is gradually added into the
chimney through an agent/air mixture supply
system until the liquid pool flame is extin-
guished. The corresponding concentration
of the agent in the mixture is referred to
as the cup burner flame extinguishing
concentration for that agentl7.

Most of the published cup burner values
were determined by the New Mexico Engi-
neering Research Institute (NMERI), Na-
val Research Laboratory (NRL), NIST, Great
Lakes Chemical Company, Imperial Chemical
Industries, University of Tennessee, Fenwal
Safety Systems, and the 3M Company 12,17

Table 1 lists the agents’ concentrations
for extinguishing heptane cup-burner flame.
It should be pointed out that the cup burner
value for the same agent may be different
for other fuels. Regardless of fuel types,
however, most agents listed in the table
have higher extinguishing concentrations
in the cup burner tests than Halon 1301

and, therefore, are less effective5,16. CF3I
was determined to be an effective fire

suppressant more than 40 years ago2. Recent
cup burner tests have reconfirmed that -

CF3I is physically and chemically as effec-
tive as Halon 1301 in extinguishing fire13,14.

Storage Weight and Volume of Agents
Agent-halon weight ratio, f~, and agent-
halon volume ratio, fv, are calculated by

where Cd and MWt are the design concen-
tration and the molecular weight of the
agent (or Halon 1301), and p L, 25°C is the

density of the liquefied agent (or Halon

1301) at 25 °C. For presentation purpose,
Table 1 shows the nominal f~ and f, values
of the agents, which are calculated based
on an assumption that the design concen-
trations are 5 percent for Halon 1301 and

CF3I, and 20 percent over the heptane
cup-burner values for other agents. They
do not represent the exact weight or vol-
ume factors of the agents needed to pro-
tect any specific space against any specific
hazard. Also note that they are not the
volume and weight ratios for the same

safety margins. Five percent Halon 1301
or CF3I, for example, gives about a 70

percent concentration safety margin above
the cup burner value. The real values in a

given installation depend on actual design
concentrations and fill densities of the agents
and Halon 1301. However, it can be noted
that the high extinguishing concentrations
of most agents, coupled with differences in
the molecular weights and densities, lead
to different degrees of agent weight and
volume penalties.

Agents with f~ and f, close to 1 are usually
considered to have potential as &dquo;drop-in&dquo;
agents. Drop-in capability, strictly speak-
ing, refers to the capability of an agent to
be stored and effectively delivered with
existing Halon 1301 piping and cylinders.
However, there is no real drop-in agent, to
date, to replace halon in occupied spaces43.
In such cases, the volumes and weights of
actual systems become much more impor-
tant. Users need to do specific, actual

comparisons prior to system switching.

Influence of Physical Properties of
Agents on Discharge
Discharge characteristic, mixing, and dis-
tribution of an agent are important for fire
suppression performance. In this regard,
piping and nozzle design play a key role.
Discussion about the system design, how-
ever, exceeds the extent of this paper. This
section only intends to describe qualita-
tively the influence of the physical prop-
erties of agents on their discharge, mix-
ing, and distribution in the protected en-
closure.
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Gaseous agents are compressed and stored
inside the cylinders connected with pipe-
nozzle networks. Most of the agents stay
as superheated liquids inside the pressur-
ized cylinders. The superheat of an agent
is roughly proportional to the difference
between its storage temperature inside the
pressurized cylinder and its normal boil-
ing point. Under reduced pressure, a frac-
tion of the superheated liquid can flash
adiabatically into the vapor phase. Com-
plex two-phase flow exists inside piping
during the discharge of most agents. The
state of the flow inside piping changes
with time and location. Understanding of
the flow characteristics is essential prior
to designing workable suppression systems.

Once released from the nozzles of the pip-
ing systems, an agent must have the abil-
ity to disperse and mix rapidly throughout
a space. This depends, to a certain extent,
on the degree of superheating of the agent,
which can be described by the Jakob num-
ber (Ja), a ratio of the superheat and the
heat of vaporization for the agent, shown
in Table 1. Agents with high Ja values
demonstrate rapid and strong flashing
behaviour, which results in quicker dis-
persion and better mixingll.

The liquid portion of the released agent
needs to vaporize quickly by absorbing
heat from the protected compartment to
reach a necessary extinguishing concen-
tration and more uniform distribution. Agents
with low boiling points and low latent heats
generally evaporate wellll. On the other
hand, incomplete evaporation of liquid mist
can add extra energy abstraction to sig-
nificantly aid suppression by direct inter-
action with flames. Effect of evaporation
rate on suppression is very complicated.

Effort has been made at NIST to under-
stand the role of discharge characteristics
in relation to in-flight fire suppression
performance. Agent release rate, disper-
sion and mixing, and evaporation were
determined to be important physical pro-
cesses in determining overall effectiveness 11

Laboratory Inerting and Explosion
Suppression Tests
Agent performance is also judged on the
basis of inerting and explosion suppres-
sion effectiveness. For protected areas where
conditions for explosion or reflash could
exist, suppression systems are designed to
provide an inerting concentration which is
higher than the flame extinguishing con-
centration for the same fuel and suppressant.
The inerting concentrations for several agents
are shown in Table 1. These concentra-
tions were determined in tests using spherical
vessels with flammable gases such as methane,
propane, and butane17,37. Laboratory tests
have also shown that the heptane inerting
concentrations are lower than those re-

quired to inert gaseous propane for some
agentsl9. Tests also showed that, by blending
with nitrogen, some agents effectively inert
propane-air mixtures at lower resultant
concentrations38.

There have been a limited number of small-
scale inerting and explosion suppression
tests under simulated scenarios. FC-3-1-
10 effectively suppressed a diesel explo-
sion in a simulated crew bay (6.2 m3)2o.
FC-3-1-10 and HFC-227ea were used to
inert JP-4 fuel vapour in a simulated air-
craft fuel-tank (0.85 m3)44.

Toxicity
Two toxicological aspects must be consid-
ered. One is the toxicity of the agent itself.
The other is the toxicity of combustion
reaction products of the agent under fire
conditions.

Agent Toxicity and EPA-Approved
Total Flooding Agents
Perhaps the most challenging task in find-
ing an effective, clean, and environmen-
tally-friendly fire suppressant is to en-

sure human safety. Under the Significant
New Alternatives Policy (SNAP) program,
EPA evaluates substitute chemicals and
alternative technologies proposed by manu-
facturers to ensure that the new substi-
tutes are safe to human health and the
environment. Toxicity tests are required
by the EPA to determine at least acute
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cardiotoxicity, developmental toxicity, and
subchronic toxicity for halocarbon agents21,22.

Acute toxicity such as cardiotoxicity of a
halocarbon agent has an immediate effect
on a person exposed to the chemical. Inha-
lation of halocarbons and hydrocarbons
can cause the heart to be abnormally sen-
sitive to elevated adrenaline levels, and
can lead to cardiac arrhythmia and pos-
sible heart attack. Cardiotoxicity tests
are usually conducted using beagle dogs to
determine the potential of an agent to cause
cardiac sensitization. The results are pro-
vided as &dquo;no observed adverse effect level&dquo;

(NOAEL) and &dquo;lowest observed adverse effect
level&dquo; (LOAEL), as shown in Table 1. Since
cardiac sensitization is the toxic effect
that occurs at the lowest concentration,
the EPA compares the cardiac NOAEL and

LOAEL of an halocarbon with its extin-

guishing concentration to determine whether
this agent is acceptable for total flooding
in occupied spaces23.

Cardiotoxicity, therefore, often dictates the
fate of an agent. CF3I is such an example.
CF3I was once the most promising agent
because of its fire suppression effective-
ness and environmental friendliness. Since

1993, an ad lzoc working group had been
actively testing and evaluating CF3I for
acute toxicity, corrosivity, environmental
impact, and suppression efficiency8,10-13.
In July 1994, however, the cardiotoxicity
results from the Huntingdon Research Centre
in England indicated that CF3I possesses
high cardiac sensitization toxicity, with -
NOAEL and LOAEL values of 0.2 and 0.4

percent, respectively. These low NOAEL
and LOAEL values, compared to its extin-
guishing concentration, preclude its use
as a total flooding agent in occupied spaces8,24.

Inert gases extinguish fire by physically
diluting the normal air so that the oxygen
concentration in a confined space will be

reduced (<15 percent) until it no longer
supports combustion. Although inert gases
have no specific toxicity effect, they can
cause asphyxiation at high concentrations.
The symptoms caused by high-concentra-

tion asphyxiants could include faulty judge-
ment, depressed sensation, impaired mus-
cular coordination, loss of consciousness,
and even deep coma and death. When oxy-
gen (02) is diminished by inert gases to
below 15 percent, appreciable symptoms
will develop; at 10 percent 02, marked
symptoms can be produced45. Most people,
however, would tolerate 12-14 percent 02
level for a short period. To ensure human
safety, EPA requires that the design con-
centration of an inert gas must not result
in 02 level dropping lower than 10 percent
in the confined space23. EPA also requires
that an inert gas agent with COZ addition
must not result in C02 level raising higher
than 5 percent23.

At least 15 gaseous agents were submitted
by their manufacturers to EPA for evalu-
ation as total flooding agents. Five halo-
carbons (FC-218, FC-3-1-10, HFC-23, HFC-
227ea, and HCFC Blend A) and one inert
gas (IG-541) are approved by EPA as ac-
ceptable total flooding agents for use in
normally occupied spaces23. Two other in-
ert gases (IG-01 and IG-55) are proposed
acceptable by EPA for total flooding in oc-
cupied spaces, and final approval is forth-
coming. Five halocarbons (CF3I, HCFC-22,
HCFC-124, HFC-125, and HFC-134a) are
acceptable for use in unoccupied spaces only23.
EPA is waiting for further test data on the
remaining [HFC Blend] A and HFC-236fa
to be submitted; decisions are pending.

Carbon dioxide (C02) is also listed as ac-
ceptable total flooding agent. Like other
inert gases, C02 works by diluting oxygen
to less than 15 percent, which corresponds
to at least 30 percent C02, Such a high
concentration of C02 in air could be fatal.
The lethal concentration that kills 50 percent
of tested animals, LC50, is 65.8 percent for
C02 within 15-minute exposure33. How-
ever, the lowest concentration of C02 in
air which has been reported to have caused
death in humans, LCLOI is 9 percent in five
minutes or 10 percent in one minute45.
The use of C02 in total flooding systems
must meet the standards set by the U.S.
Occupational Safety and Health Adminis-
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tration (OSHA 1910.162(b)5) and National
Fire Protection Association (NFPA 12).

Only HFC-23 and FC-3-1-10 can inert gaseous
propane at design concentrations below
their cardiotoxic LOAEL. Laboratory tests
showed that HFC-227ea and IG-541 are
able to inert heptane vapour at concentra-
tions lower than their LOAEL values.
Blends of HFC-227ea with 5-20 percent
nitrogen effectively inert propane at re-
sultant concentrations of 10.4-6.9 percent
HFC-227ea38, which are lower than its LOAEL.

Toxicity of Acid Gas Products
When exposed to fire, a halocarbon fire

suppressant breaks down into fragments.
These fragments react with the free radi-
cals (such as H, OH, and 0) in the flame,
resulting in flame inhibition. Fire sup-

pression with halocarbons is expected to
produce hydrogen fluoride (HF), carbonyl
fluoride (COF2), hydrogen chloride (HCI),
and carbonyl chloride (COCI 2) . The toxic-
ity of these gas products must be taken
into account, in addition to the toxicity of
the parent agents.

Data on HF and COF2, including their
production for the current halon replace-
ments during small- to full-scale fire tests,
toxicity effects, and the exposure limits
developed by OSHA and the American
Conference of Governmental Industrial

Hygienists (ACGIH), are shown in Table
313,21,22,26-29,45-51. The current halon replace-
ments produce at least 5-10 times more
HF and COF2 than Halon 1301 during fire
suppression21,22. The carbonyl fluoride and
hydrofluoride levels are significantly higher
than all exposure limits.

Acid Gas Product Levels in Labora-

tory Suppression Tests
The levels of the acid gases produced as
the result of fire extinguishment depend
on many factors. Among those factors, agent
type and concentration, fire type and size,
and discharge and extinguishment times
are most important.

HF and COFZ formed during laboratory
fire suppression tests of FC-3-1-10, HFC-
23, HFC-227ea, FC-218, and HFC-125, were
analyzed using FTIR spectroscopy47,4s and
ion specific electrodes for fluoride26,48,49.
Most FTIR analysis of COF2 was qualita-
tive, due to a lack of a reference sample
and calibration data. The laboratory test
results showed that the concentrations of
HF and COFZ were significantly higher
than for Halon 1301. Their production increased
with increasing fire size2s,4s,4s. By increasing
agent concentrations 26,49 or shortening
discharge times48, the quantity of these
hazardous chemicals was reduced. The HF
level was found to be lowest at agent con-
centrations of 140 percent of cup burner
values2s. A further increase in the agent
concentrations reduced the extinguishing
times, but did not reduce the HF level26.

INTERMEDIATE- AND FULL-SCALE
TESTING
Most intermediate- and full-scale testing

_ 

involved only the EPA-approved agents.
In recent years, these agents have been
tested for fire and explosion suppression.

Inerting and Explosion Suppression
Tests (Intermediate-Scale)
Explosion suppression tests using HFC-
227ea, FC-3-1-10, HFC-236fa, and water
were conducted by Fenwal Safety Systems
in an 80 m3 room filled with a propane-air
mixture2°. All of the tested agents suc-
cessfully suppressed the deflagration flame
in about 150 ms after flame detection. Thin

polyethylene films were used to simulate
skin during the suppression tests. The damage
to the films was much more severe in the

HFC-227ea, FC-3-1-10, and HFC-236fa tests
than in the water test.

Propane and methane inertions were also
tested using FC-3-1-10, HFC-23, and HFC-
227ea in NMERI’s 22.5 m3 inertion cham-
~j.30,37 The propane inerting concentra-
tions were up to 10 percent higher than
those for the laboratory-scale tests. Meth-
ane was easier to inert than propane.
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NMERI Fire Suppression Tests
(I ntermed iate-Sca le)
Intermediate-scale fire suppression tests,
coupled with real-time FTIR measurements
for agent and acid gas products, were con-
ducted by NMERI using an 18.3 m3 cham-
ber to evaluate HFC-23, HFC-227ea, FC-
3-1-10, and HCFC Blend A27,47. Fire sce-
narios included Class A wood crib fires,
Class B heptane pool fires, and diesel spray
fires.

The heptane pool fire tests revealed no
substantial differences in fire suppression
performance among the four agents. In
order to minimize the levels of the acid gas

products, agent concentrations of cup burner
values + 40 percent and 5 sec discharge
times were required to extinguish the fires
within 7 sec (for HCFC Blend A, a concen-
tration of 12 percent was used). Even under
such conditions, these four agents gave at
least a 10 times higher HF concentration
than Halon 1301. HFC-23 and HCFC Blend
A produced more HF than the other two
agents, and also produced significant amounts
of COF2.

CF3 was also tested in the NMERI cham-
ber13, successfully extinguishing the fires.
The HF concentration for CF3I during the
fire suppression was comparable to that
for Halon 1301, and the COF2 concentra-
tion was below the OSHA permissible ex-
posure limit (PEL)13.

In general, the concentrations of the acid
gas products strongly depend on the ex- ’ 

*

tinction time and fire size27 ,47. In addi-
tion, the distribution of the agent was shown
to be a significant factor affecting its fire
suppression performance52.

Hughes Associates I NASA Fire
SuppressionTests(Intermediate-Scale)
Hughes Associates, Inc. (HAI) conducted
an evaluation of several replacements for
the National Aeronautics and Space Ad-
ministration (NASA)41. One series of fire
suppression tests with HFC-23, HFC-125,
HFC-227ea, FC-218, and FC-3-1-10 were
conducted in a 1.2 m3 small enclosure.

Another series of intermediate-scale tests
with FC-3-1-10 were carried out in a 29 m3
compartment. Gas concentrations were
measured in situ using FTIR. The produc-
tion of HF and COFZ changed almost lin-
early with the discharge time, and the
ratio of fire size to enclosure volume. Acid

production results by HAI correspond with
NRL results (discussed below).

NRL Fire Suppression Tests
(Intermediate- and Full-Scale)
The NRL performed a series of intermedi-
ate-scale 28,29,53,54 and full-scale51,55 tests
with HFC-23, HFC-227ea, and FC-3-1-10
to evaluate the effect of their discharge
characteristics and distributions on fire sup-
pression effectiveness. The concentration
requirements of the agents and the produc-
tion of halogen acid were also determined.

The intermediate-scale tests were conducted
in NRL’s 56 m3 compartment2S.29.53.54 ~
0.23 m2 heptane pool fire was used with
heptane spray re-ignition. The three agents
extinguished the fires at the design concen-
trations; however, the tests indicated a 10-
fold increase in HF production from the
agents compared to that from Halon 1301.

Increasing the agent concentrations gen-
erally led to faster extinguishment and
lower HF production for the same discharge
time 28,29 . However, HF production was not
sensitive to agent concentrations above
cup burner + 75 percent. Similarly, faster
discharge resulted in faster extinguish-
ment and lower HF production at the same
design concentration.

The 0.23 m2 pool fire was found to be more
difficult to extinguish than both smaller
and larger fires 28,29. Faster extinguishment
was observed for a larger, ventilation-con-
trolled fire ( 1.1 m2) under similar concen-
tration and discharge conditions, but 3-
5 times more HF was produced than for
the 0.23 m2 fire.

The transient concentration and distribu-

tion of the agent during discharge had a
strong influence on the extinguishing time
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and HF production. For two HFC-227ea
tests under apparently similar conditions
(at the same design concentration of 8.2
percent, with the same discharge time of
5 sec), a difference in the transient con-
centration of 0.9 percent at the 4 sec after
discharge was sufficient to result in extin-
guishment at 6 sec in one test, and 12 sec
in the other28~29.

A CF3I test in the same compartment also
demonstrated the influence of agent dis-
tribution29,52. The test indicated that the
transient concentration of CF3I near the
fire was slightly higher than that of Halon
1301. Thus, CF3I extinguished the 0.23 m2 2
fire in 6 sec, while Halon 1301 required 8
sec; both were designed to give a concen-
tration of 5 percent, with the same dis-

charge times.

The NRL’s full-scale tests with HFC-23
and HFC-227ea were conducted aboard the
Ex-USS Shadwell in Mobile Bay, Ala-
bama29,51,17 . Four test series were carried
out in an 843 m3 machinery space51,55.

A nine-nozzle two-level discharge system
was designed using a transient flow analysis
computer program58-60, which was devel-
oped to predict the transient discharge
characteristics. Agents were well mixed in
the test space in discharge tests when no
obstacles were present. After mock-ups
simulating diesel and gas turbine engines,
reduction gears and ventilation were in-

stalled in the test space, a discharge test
showed nonhomogeneous distribution of
the agent51,55. Higher nitrogen pressuriza-
tion or lower fill densities of the storage
agent can achieve faster (as short as 6 sec)
and more energetic discharge, resulting in
better mixing and more uniform distribu-
tion of the agent. However, super-pressur-
ization (above 4.13 MPa) can cause signifi-
cant dilution of the agent due to excessive
nitrogen and, thus, is not recommended51,55.

Test fires included six scenarios with dif-

ferent combinations of fuel type (heptane,
F-76 Navy diesel, and wood crib), fire type
(fuel pool and spray), and fire size (2-9

MW). Fire suppression tests were conducted
using design concentrations of 8.2 per-

cent, 9.2 percent, and 10 percent for HFC-
227ea and of 16 percent and 18 percent for
HFC-23 with a 10 sec discharge time (one
test achieved a 6 sec discharge time). All
fires were suppressed successfully within
28 sec for each test scenario, but reflashes
and sustained re-ignitions occurred in several
tests. Peak HF concentrations were 2400-
7300 ppm, about 4-12 times those of the
Halon 1301 baseline tests. The full-scale
test results are similar to those from the
intermediate-scale testing: extinguishment
time and HF concentration decrease with

increasing agent concentration and with
decreasing discharge time; a larger fire is
easier to extinguish (but produces more
HF) than a smaller one.

U.S. Coast Guard Fire Suppression
Tests (Full-Scale)
The U.S. Coast Guard conducted a series
of full-scale (560 m3) tests in a machinery
space on a test ship located in Mobile,
Alabama50,61. Test agents included HFC-
23, HFC-227ea, FC-3-1-10, and HCFC Blend
A at the design concentrations recommended
by their manufacturers. The performance
of the agents was evaluated using three
test scenarios: a 500 kW heptane spray
fire with a 500 kW heptane pan fire, a 2
MW heptane spray fire with a 500 kW

heptane pan fire, and a 5 MW diesel pan
fire with a 500 kW PVC cable fire.

It was reported that HFC-23, HFC-227ea,
and FC-3-1-10 extinguished all test fires
within 22 sec 50,61 while HCFC Blend A
required more than 1 min to extinguish
the test fires due to the low design concen-
tration of 8.6 percent and &dquo;problems asso-
ciated with achieving this design concen-
tration&dquo;50. The measured HF production
from HFC-23, HFC-227ea, and FC-3-1-10
was 5-10 times that of Halon 1301, while
the HCFC Blend A produced about 40 times
more HF than Halon 1301. These full-scale
tests also indicated that faster discharge
and higher design concentrations of the
agents can result in a quicker fire extin-
guishment and less HF production.
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SUMMARY AND OUTLOOK
With the production ban on Halon 1301 in
developed countries, it is urgent that halon
substitutes be found which provide suffi-
cient fire protection for various applica-
tions. Up until now, there have been no
perfect gaseous agents to replace Halon
1301.

Acceptability of an agent by regulatory
authority is mostly determined by agent
toxicity. Based on the toxicity criteria set
by EPA, five commercial halocarbons (FC-
218, FC-3-1-10, HFC-23, HFC-227ea, and
HCFC Blend A) and three commercial in-
ert gases (IG-01, IG-55, and IG-541) sub-
mitted by their manufacturers, are acceptable
for total flooding in occupied spaces. How-
ever, they are less effective by weight or
volume than Halon 1301, with additional
limitations and weaknesses.

HCFC Blend A is still an ozone-depleting
substance. HCFCs have been identified as
transitional halon replacements by the
Montreal Protocol. Since the beginning of
1996, global HCFC consumption has been
frozen at an annual base level, 1989 HCFC
level plus 2.8 percent of 1989 CFC levels.
Annual HCFC consumption will be reduced
to 65 percent of the base level in 2004, to
35 percent in 2010, to 10 percent in 2015,
to 0.5 percent in 2020, and to zero in 2030.
Well before the 2030 international dead-

line, drastic production limitations will be
likely to make operating many HCFC pro-
duction lines not economically feasible.
Some countries are already committed to
phasing-out HCFCs prior to the interna-
tional deadline3s.

FC-3-1-10 and FC-218 have zero ODPs,
but have extremely long ALTs. They could
make long-term contribution to global warming
if emitted to the atmosphere. Concern about
global climate change as a result of global
warming is growing. The U.S. EPA en-
courages the use of lower GWP substi-

tutes, and only allows FC-3-1-10 and FC-
218 to be used where no other agents are
technically feasible due to performance or

safety requirements. FC-3-1-10, however,
is a human-safe replacement for inerting
and explosion suppression. Because of a
high boiling point of -2 °C, FC-3-1-10 is

not suitable for total flooding in cold con-
ditions.

The ALT of HFC-23 is much shorter than
the two PFCs although its GWP is larger.
Due to its lower storage density and higher
extinguishing concentration, HFC-23 has
a larger agent volume penalty than other
EPA-approved halocarbon replacements.
Therefore, HFC-23 systems are bigger and
heavier. However, because it boils at -82
°C, HFC-23 has an advantage for fire sup-
pression in extremely cold conditions. Its
high vapor pressure and low cardiotoxicity
also make it a good choice for inerting and
explosion suppression.

HFC-227ea has a zero ODP and a rela-

tively low ALT and GWP. It is, therefore,
a more favorable agent than FC-218, FC-
3-1-10, HFC-23, and HCFC Blend A in
environmental aspect. However, the boil-
ing point of HFC-227ea is -16.4 °C, which
makes it unsuitable for applications in
very cold conditions.

Test data from small-scale to full-scale
have shown that the halocarbon replace-
ments produce much larger quantities of
acid gas products than Halon 1301 during
fire suppression. These data demonstrate
the need to detect fires at an early stage
and to extinguish them rapidly while they
are still small.

Inert gases have no negative impact on the
environment and produce little acid gas
products during fire suppression. With inert
gases, fire suppression relies solely on oxygen
dilution and heat extraction, thus requir-
ing very large amount of agents. Inert gases
need to be stored in heavy high-pressure
tanks. The overall weight and volume of an
inert gas system are very heavy and large.
Installing an inert gas system initially costs
more than a halocarbon system. However,
recharging the system with the inert gas
costs substantially less.
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Although there has been no major break-
through in finding the gaseous agents, new
products and technologies will continue to
come and reach the market. Several new
alternative technologies are under research
and development. Some of them have gained
EPA approval for total flooding applica-
tions23. Water mist is one of the alternative
technologies for fire suppression. Although
water mist has the difficulty of extinguish-
ing small and obstructed fires, research has
proven that water mist can be an effective
fire suppressant if carefully engine ered63-7 3.
Nitrogen has been studied as a fire extin-
guishing agent for many years11,74-77. It is
now available in solid form and can be

delivered in gaseous form in large quanti-
ties using gas generation techniques 78. With
nitrogen, no toxic decomposition products
are produced during fire suppression 79,80
Since water and nitrogen are free of envi-
ronmental problems, they should have long-
term potential to replace Halon 1301 in
some applications. Dry chemical agents
combined with aerosol technology are an-
other option54,s1-s5. Micron-sized particles
of certain salts have high suppression ef-
ficiency and can be generated by various
methods. These new technologies still have
problems to be addressed78,84,86.

The U.S. Department of Defense has been
doing strategic planning to develop new
processes, technologies and fluids for fire
and explosion suppression in aircraft, ships,
combat vehicles, and critical command and
control facilities 87 . The output of the re-
search program will also benefit civiliari
users. The future fire protection solutions
will not only need new agents and alterna-
tive technologies, but also require a better
analysis of the hazards under different
fire scenarios, very early fire detection,
and fast response suppression systems,
complemented by passive measures to re-
duce fire hazards.
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NOMENCLATURE
ALT atmospheric lifetime in years
Cp $ 25*C heat capacity of a gas in

J/(mol K) at 25°C

Cp L, Tb heat capacity of a liquefied
’ 

gas in J/(mol K) at the normal
boiling point Tb b

fy volume factor relative to
Halon 1301

f~ weight factor relative to
Halon 1301

GWP global warming potential
relative to carbon dioxide (C02)

HGWP halocarbon global warming
potential relative to CFC-11
(CCI 3F)

IDLH immediately dangerous to
life and health

Ja Jakob number

LC 50 lethal concentration fifty

LCLo lowest published lethal
concentration

LOAEL lowest observed adverse
effect level

M.Wt. molecular weight in g/mol
NOAEL no observed adverse effect level

ODP ozone depletion potential
relative to CFC-11 (CCI 3F)

PC critical pressure in MPa

PEL U.S. Occupational Safety and
Health Administration (OSHA)
permissible exposure limit

ppm parts per million (by volume)

Pvapor, 25*C vapour pressure in MPa at 25°C

STEL short-term exposure limit
(exposures should not be
longer than 15 min)

Tb b normal boiling point in °C at
a pressure of 101.325 kPa

T~ critical temperature in °C

TLV American Conference of Govern-
mental Industrial Hygienists
(ACGIH) threshold limit value

TM melting point in °C
TWA 8-hour time-weighted average con-

centration to which workers can be
exposed for an 8-hour workday and
a 40-hour workweek without illness
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VC critical molar volume in cm3/mol

4 ’~V, molar heat of vaporization inIPHTb 
kJ/mol at the normal boiling
point Tb b

P L, 25-C density of a liquefied gas in
’ 

kg/m3 at 25°C
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