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ABSTRACT

Full-scale fire suppression testing of HFC-227ea and HCFC Blend A was conducted in
a 121 m3 compartment. HFC-227ea was tested at 7.6 and 8.8%; HCFC Blend A was
tested at 8.6, 9.3, 10, 12 and 14% (by volume). Information on discharge characteristics
and fire suppression performance of these halon replacement agents was obtained.
HFC-227ea extinguished all test fires at the test concentrations. HCFC Blend A extin-

guished all test fires only at test concentrations of 12% or higher. These two agents
produced halogenated acid gases whose quantity depended on the type, concentration
and discharge of the agents and the size of the test fires.

INTRODUCTION

Halon 1301 is an effective fire suppressant and
has been widely used in total flooding applica-
tions for more than 20 years. Contributing signif-
icantly to stratospheric ozone depletion, how-
ever, halons have been phased out of production
in developed countries since 1994 in accordance
with the Montreal Protocol.

The Department of National Defence Canada
(DND) has many facilities that are currently pro-
tected by Halon 1301 fire suppression systems
and needs alternative fire protection solutions.
To meet this need, the National Research Council
of Canada (NRC) and DND established a joint
research program to evaluate the fire suppres-
sion performance of halon replacements and
alternatives.

The early phases of the program in 1994-1995
focussed on commercially-available halon
replacements for total flooding applications.
DND’s first priority was to evaluate potential
agents for use on their Halifax Class frigates.
HFC-227ea (1,1,1,2,3,3,3-heptafluoropropane:
C3HF~)and HCFC Blend A were selected for full-
scale fire evaluation. HCFC Blend A is a mixture
of HCFC-22 (chlorodifluoromethane, CHCIF2),
HCFC-124 (2-chloro-1,1,1,2-tetrafluoroethane,
C2HC1F4), HCFC-123 (2,2-dichloro-1,1,1-trifluo-
roethane, C2HC12F3) and D-limonene (ClOH16) in
the ratio of 82 : 9.5 : 4.75 : 3.75 by weight or

88.1 : 6.46 : 2.89 : 2.56 by volume. This paper
describes full-scale fire testing and provides
test results.

FULL-SCALE EXPERIMENTATION

Two series of full-scale fire suppression tests
were conducted to evaluate the performance of
HFC-227ea and HCFC Blend A. The effects of

type and concentration of the agent, type and size
of fire, and discharge system on fire suppression
were investigated.

The design concentrations of gaseous agents for
fire suppression systems were often based on the
Cup Burner tests in laboratories. General prac-
tice was to use the Cup Burner extinguishing
concentration plus a 20% safety factor as the
design concentration for an agent. The Cup
Burner value for HFC-227ea was in the range of
5.8 to 6.6% for the heptane fuel’,’. NRC’s HFC-
227ea tests were conducted at concentrations of
7.6% and higher.

Cup Burner test results for HCFC Blend A
reported in the literature range from 9.9% to 11%
for the heptane faeF2. The Cup Burner value of
HCFC Blend A is likely to be dominated by its
principal component (also the most volatile)
HCFC-22, which has a Cup Burner value of
11.6%.1 The design concentration for the HCFC
Blend A would, therefore, be in the range of 12
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to 14% for heptane fires. However, this agent
was approved by Underwriters’ Laboratories of
Canada (ULC) with an 8.6% design concentra-
tion ;3 the listing of this agent in the Significant
New Alternatives Policy (SNAP) program by the
U.S. Environmental Protection Agency (EPA)
was based on this ULC testing. The U.S. Coast
Guard had conducted two full-scale tests of
HCFC Blend A, which indicated that the 8.6%
design concentration was low for a full-scale sce-
nario.4 More conclusive tests were, however,
needed because problems associated with achiev-
ing this design concentration were encountered
in the U.S. Coast Guard tests. Moreover, the
manufacturer still requested that NRC conduct
tests at 8.6%. The NRC full-scale tests of HCFC
Blend A were, therefore, conducted at a concen-
tration range of 8.6 to 14%.

Test Compartment
Full-scale suppression tests of the halon replace-
ment agents were conducted in a 121 m3 com-
partment, which simulated Radar Room No. 2
on the DND Halifax Class frigates, as shown in
Fig. 1. The rectangular test compartment had

dimensions of 9.7 m in length, 4.9 m in width
and 2.9 m in height.

The test compartment had a pressure relief vent
(0.5 m by 0.5 m) in the south wall near the floor.
The pressure relief vent was purposely located
near the floor, rather than at the ceiling. (Locat-
ing a pressure vent at the ceiling would release
fire gases from the hot layer and affect the mea-
surement of fire gases.)

All joints and wall penetrations were sealed. The
compartment was sufficiently airtight to main-
tain the agent concentration in the compartment
for an extended period of time. Fan pressuriza-
tion tests indicated that the test compartment
(with an equivalent leakage area of 0.014 m2)
was tighter than the compartment on the ship.

Piping System
Three different piping systems were used in two
series of full-scale fire tests. All three systems
had two discharge nozzles.

Figure 1. Plan View of Test Compartment, Instrumentation and Existing Halon 1301 Piping System.
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Piping Arrangement
In Series 1, the existing Halon 1301 piping sys-
tem (shown in Fig. 1), which was installed in
Radar Room No. 2 on the Halifax Class frigates,
was used in the tests. The system used a flexible
hose to connect a cylinder to a manifold (65 mm
inside diameter). Through an upward elbow and
a reducer, the manifold was connected to a
Schedule 80 pipe with an inside diameter of
38 mm (nominal). After rising to the ceiling
height, the 38 mm diameter pipe continued hori-
zontally for 6.48 m and came to a 38 mm by
32 mm by 32 mm side-opening reducing tee
located 2 m inside the compartment. The
through-branch (32 mm inside diameter) of the
tee continued with a Schedule 80 pipe for 1.68 m
to a down-turned elbow, with a 32 mm by 0.20 m
nipple. The side-branch (32 mm inside diameter)
of the tee continued with a Schedule 80 pipe for
2.7 m to a down-turned elbow with a 0.20 m nip-
ple. A nozzle was attached to each of the two
nipples.

This existing Halon 1301 piping system was used
by the Canadian Navy in the Halifax Class frig-
ates to provide a concentration of 7.5%
Halon 1301 (at 20°C) in the radar room compart-
ment. Since this system was over-designed, it
had a potential to accommodate HFC-227ea and
HCFC Blend A without major system changes.
Using this existing system, full-scale fire sup-
pression tests were conducted at manufacturer-
recommended concentrations of 7.6% for HFC-
227ea and 8.6% for HCFC Blend A. The HCFC
Blend A tests were also conducted at 9.3%, 10%
and 14%, higher than the manufacturer-recom-
mended concentration at that time. A baseline
test with Halon 1301 was also conducted.

In Series 2, tests were conducted using manufac-
turer-designed systems for the two replacement
agents. The manufacturer-designed piping sys-
tem for HFC-227ea (7.6%) is shown in Fig. 2. A
Victaulic elbow and a reducer were used to con-
nect a cylinder to a Schedule 80 distribution pipe.
The main distribution pipe had a 32 mm inside
diameter and was connected to a bullhead reduc-

ing tee located 2.65 m~inside the compartment.
The side branches of the tee were 25 mm in inside
diameter. One side branch of the tee was con-
nected to a 0.29 m long pipe with an elbow to a
1.10 m long pipe. The second side branch of the
tee was connected to a 2.23 m long straight pipe.

The HFC-227ea tests were conducted at 7.6%
and 8.8%.

As will be discussed later, it was found that
HCFC Blend A could not extinguish some of the
test fires at concentrations of 8.6 to 10%, so NRC
asked the manufacturer to design a piping sys-
tem for HCFC Blend A at 12% to use in the
Series 2 tests. The manufacturer-designed pip-
ing system for HCFC Blend A is shown in Fig. 3.
The system used two flexible hoses to connect
two cylinders to a manifold. The manifold was
connected to a Schedule 80 main pipe of 32 mm
inside diameter. A bullhead tee was used to
branch the main pipe into two &dquo;L&dquo; shaped arms
(25 mm in inside diameter).

Cylinder
Specified by the agent manufacturers, Ginge-
Kerr* (GK) cylinders with 4137 kPa pressuriza-
tion were used for most of the HCFC Blend A

tests, and Chemetron (CT) cylinders with
2482 kPa pressurization were used for most of
the HFC-227ea tests.

Nozzle
Specific nozzles were used for each agent tested.
Two identical nozzles were used in the
Halon 1301 tests, each with four holes (6.7 mm
in diameter) symmetrically spaced around the
nozzle axis. These cylindrical nozzles are the typ-
ical halon nozzles used on the frigates. Nozzles
used in the tests of the two replacement agents
were specified and provided by the agent manu-
facturers.

Chemetron cylindrical nozzles were used for
HFC-227ea tests. Each of these nozzles had eight
discharge holes in two rows on the side (see
Fig. 4). In Series 1 (using the existing halon pip-
ing arrangement), Nozzle 1 had discharge,holes
of 8.4 mm in diameter and Nozzle 2 had dis-

charge holes of 5.8 mm in diameter. In Series 2
(using the manufacturer-designed system), the
two nozzles were identical, with discharge holes
of the same size (6.2 mm in diameter).

*Certain commercial products are identified in this paper in
order to adequately specify the experimental procedure. In
no case does such identification imply recommendations or
endorsement by the National Research Council of Canada,
nor does it imply that the product or material identified is
the best available for the purpose.
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Figure 2. Plan View of Test Compartment, Instrumentation and Manufacturer-Designed Piping System for HFC-227ea.

In Series 1 of the HCFC Blend A tests, two types
of cylindrical nozzles, SES nozzles and SHT noz-
zles, were used. (Each test used two identical
nozzles.) The SES nozzle (see Fig. 5) had an
internal orifice (11.5 mm in diameter) plate and
two slots on the cylindrical side, facing in oppo-
site directions. Each slot was 9.5 mm wide and

provided a 180° spray angle in the horizontal
direction. The SHT nozzle (see Fig. 6) had six
holes (8 mm in diameter) in the closed end with
a tapered deflector, producing a cone-shaped
spray. In Series 2 of the HCFC Blend A tests,
only the SES nozzles were used and the internal
orifice plate was removed.

Fire Scenarios
Simulated electronic cabinet fires, wood-crib
fires and heptane pool fires were used as test
fires to create four different fire scenarios.

Scenario 1 ’

Figure 7 shows Fire Scenario 1. It included tell-
tale (TT) fires and square-pan (SP) fires.

Each TT was a 75 mm diameter can containing
20 mL of heptane fuel on a water base. The lip

height of the can above the fuel level was approxi-
mately 10 mm. The TTs were placed strategically
throughout the compartment and their total heat
output was estimated to be 50 kW.

Each SP (0.3 m x 0.3 m) contained 425 mL of

heptane fuel on a water base. The lip height of
the SP above the fuel level was approximately
20 mm. Each SP produced a fire with an esti-
mated heat release rate of 50 kW. Two SPs were

placed near the floor at the southeast corner and
the northwest corner. Another SP was placed
about midway up the wall in the southwest cor-
ner. (Each SP was placed 50 mm away from
the walls.)

Ignition of the test fires started 30 s before dis-
charge. The TT and SP fires were sequentially
ignited using torches. The total heat release rate
was estimated to be 200 kW.

Scenario 2
Figure 8 shows Fire Scenario 2. It included TT
fires, SP fires and a large round-pan (RP) fire.
The RP (0.7 m in diameter) contained 2 L of hep-
tane fuel on a water base, producing a fire with
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Figure 3. Plan View of Test Compartment, Instrumentation and Manufacturer-Designed Piping System for HCFC
Blend A.

Figure 4. Chemetron (CT) Nozzle for HFC-227ea.
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Figure 5. SES Nozzle for HCFC Blend A.

an estimated heat release rate of 400 kW. The RP
was placed on the floor at the southeast corner of
the compartment. One SP was placed on the floor
near the door. The TTs and the other two SPs
were placed at the same locations as in
Scenario 1. Ignition of the test fires started 30 s
before discharge. The fires were sequentially
ignited using torches: the TT fires were ignited
first, and then the SP fires and, finally, the RP
fire. The total heat release rate was estimated
to be 600 kW.

Scenario 3

Figure 9 shows Fire Scenario 3. It included simu-
lated electronic-cabinet fires and Class A wood-
crib (WC) fires.

An electronic switching gear cabinet (SGC) was
placed against the east wall near the door. This
metal cabinet was 0.75 m in length, 0.61 m in
width and 2.1 m in height. It had ventilation

grilles on the sides. The total opening area was
approximately 10% of the total surface area of
the cabinet, excluding the bottom. A tell-tale can
was placed at the bottom of the metal cabinet. A
0.4 m long cable bundle in a PVC slotted cable
ladder was mounted vertically in the upper por-
tion of the metal cabinet. The bundle was made

of 10 mm diameter cables with several pieces of
diesel-soaked hemp rope for easy ignition.

There were three other mock-up cabinets (MC)
used in this scenario. They had the same size
(0.81 m x 0.81 m x 1.0 m) and were made of poly-
carbonate plastic sheets. Each mock-up cabinet
had two small grille openings. Two mock-up cabi-
nets (MC-1 and MC-2), each with an opening
ratio of 5% (ratio of the opening area over the
total surface area of the cabinet), were placed
approximately 1 m away from the southeast cor-
ner, one on top of the other. The third mock-up
cabinet (MC-3), with an opening ratio of 2%, was
placed near the north wall. A tell-tale can was
placed inside each mock-up cabinet. (There was
no obstruction inside the mock-up cabinets since
the grille openings were very small.)

A wood crib was placed in the southwest corner
on the floor. The wood crib was made of pine
sticks (40 mm x 40 mm x 600 mm) in 6 layers,
with a size of 0.6 m x 0.6 m x 0.24 m.

The wood crib was ignited 60 or 120 s before
discharge in order to have a fully-developed fire.
Ignition of the in-cabinet fires started 30 s before
discharge. The heat release rate was estimated
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Figure 6. SHT Nozzle for HCFC Blend A.

to be 400 kW for 120 s WC pre-burn or 200 kW
for 60 s WC pre-burn.

Scenario 4

Figure 10 shows Fire Scenario 4. It included sim-
ulated electronic-cabinet fires and a shielded RP

heptane pool fire. The electronic switching gear
cabinet and the three polycarbonate plastic
mock-up cabinets were placed at the same loca-
tions as in Scenario 3. The circular RP was placed
near the southeast corner and covered with a box
made of perforated sheet steel to shield the fire
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Figure 8. Fire Scenario 2.

from the direct spray of the agent. The meshed
metal sheet had an opening ratio of 33% for the
sides of the box and an opening ratio of 6% for
the top of the box.

Ignition of the test fires started 30 s before dis-
charge. The in-cabinet fires were ignited first,
and then the shielded RP fire was ignited. The

total heat release rate was estimated to be
400 kW.

Instrumentation
Figures 1 to 3 show the instrumentation used in
the tests. Pressure transducers and thermocou-

ples were installed along the pipe of each system
to monitor the flow inside the pipe during dis-
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Figure 10. Fire Scenario 4.

charge. The mass loss rate of the agent in the
cylinder was measured using a weigh scale and
timer in some tests. The sound level in the com-

partment was measured using a broadband
sound meter. The discharge time was determined

by these measurements of the pipe pressure, cyl-
inder mass loss rate and sound level.

Three thermocouple (TC) trees were placed in
the compartment to monitor the compartment
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temperature during the tests. Each TC tree was
2.8 m high and contained six thermocouples.
Nine pressure taps were installed on the west
wall at three elevations (0.29, 1.47 and 2.67 m)
and were connected to pressure gauges to moni-
tor the compartment pressure during the tests.

To. determine fire extinguishment times, thermo-
couples were placed at each fire location. Video
cameras were set up at three observation win-
dows to obtain visual records of the flame extin-

guishment.

A Fourier transform infrared (FTIR) spectrome-
ter was used to measure the concentrations of
the agents and gas products (C02, CO and halo-
genated compounds) in the compartment during
tests. Entire gas sampling lines (9 m long) were
heated to 160°C to reduce the condensation of

sample gases in the sampling tube. A quartz sam-
pling port (7.75 mm diameter) was mounted on
each of the thermocouple trees (at 1.5 m on
TC Tree A, 0.6 m on TC Tree B and 2.8 m on
TC Tree C).

COz/CO and 02 analyzers were used to directly
measure the concentrations of CO, C02 and 02
in the test compartment during the fire tests.
The analyzers were connected to two sampling
ports mounted at 1.5 m and 2.8 m above the floor
near the west wall.

The CO~JCO analyzers and the FTIR spectrome-
ter were operated in the external absorption
mode.

Experimental Procedure
In order to prevent oxygen depletion in the com-
partment during the pre-burn, the compartment
door was kept open before the discharge. The
ignition sequence was the same and the pre-burn
time was the same in different tests for each fire

scenario, except that, for Scenario 3, the wood
crib was ignited 60 s before discharge in some
tests but 120 s before discharge in other tests.

The door was closed when the discharge started
at t = 60 s. After extinguishment had been
achieved, electrical heating ignitors, placed on
the fuel pans, were activated at t = 300 s for 30 s
to determine whether re-ignition would occur. At
approximately 9 min into each test, the door was
opened for 30 s to simulate an actual fire situa-

tion where personnel may enter the fire compart-
ment to check on the conditions inside. In that

situation, the agent may leak out through the
open door, resulting in reduced agent concentra-
tion, which may permit re-ignition of the fires.
Second re-ignition was attempted. The tests were
terminated at 10 min.

RESULTS AND DISCUSSION

Agent Discharge Performance
Figures 11 to 13 show the discharge behavior of
HFC-227ea, HCFC Blend A as well as
Halon 1301 during Series 1 tests using the exist-
ing halon piping system, showing similar dis-
charge characteristics for the agents. The agent
discharge times were determined using the time
profiles of cylinder weight loss, pipe pressure and
temperature, sound level, compartment pressure
and temperature. The cylinder weight loss gave
the most direct readings of the discharge time.
During the discharge time, the agent remained
in the liquid phase in the pipe until it reached
the nozzles, then flashed from liquid to vapor as
it discharged through the nozzles. As shown in
the figures, there were distinct changes in the
pressure, temperature and sound profiles when
the liquid phase discharge ended, which were
also used to determine the discharge time. (The
second peaks in the pressure and sound profiles
were due to the release of the compression gas,
i.e., nitrogen.)

In general, when the agents were discharged into
the compartment, the compartment temperature
decreased and the compartment pressure first
had a negative pulse due to the sudden cooling
effect and then had a positive pulse as the agent
rapidly vaporized. The magnitude of the temper-
ature and pressure changes depended on the
agent property, agent quantity and compartment
conditions (such as fire size, room leakage and
ventilation). Since the volumetric quantity of the
replacement agent used in the tests was larger
than that of Halon 1301, the positive pressure
pulse due to the discharge of HFC-227ea or
HCFC Blend A was about twice that measured
with Halon 1301. The positive pressure pulse in
the compartment increased with increasing fire
size during the discharge of both replacement
agents. The highest pressure pulse in the com-
partment was 500 Pa for both agents.
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Figure 11. Discharge Behavior of HFC-227ea (Series 1)
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Figure 12. Discharge Behavior of HCFC Blend A (Series 1).
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Figure 13. Discharge Behavior of Halon 1301 (Series 1).
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There was little pressure difference between the
two nozzles in each of the tests. Although the
existing halon piping system appeared to be an
unbalanced system with a side-opening tee and
two branch pipes of different length, the results
of agent discharge did not show significant
unbalanced flows when the two nozzles used in
each test were the same. Two identical nozzles
were used in each HCFC Blend A test and in
the Halon 1301 test, respectively. When the two
nozzles had different discharge orifices, such as
in the HFC-227ea test where Nozzle 1 had larger
discharge holes than Nozzle 2, more agent was
discharged through Nozzle 1.

The discharge characteristics of each of the two
replacement agents using the manufacturer-
designed system were similar to those using the
existing halon piping system. Both manufac-
turer-designed systems provided balanced flows
through the two nozzles.

Tables 1 and 2 show the conditions and results
for discharge. Under the same design concentra-
tions, the agent discharge time depended mainly
on cylinder pressure and nozzle orifice. A large
orifice size or high cylinder pressure produced a
fast discharge. The difference in the layout and
size of the system pipes used in the tests
appeared to be of secondary importance. ’

Fire Suppression Performance

Fire Extinguishment
Table 3 shows the fire extinguishment results of
the HCFC Blend A tests. Series 1 of the HCFC
Blend A tests primarily used Scenario 1 as test
fires. HCFC Blend A at a concentration of 8.6%
failed to extinguish the two floor-level SP fires
in several tests. At an increased concentration

of 9.3%, HCFC Blend A still could not extinguish

the two floor-level SP fires repeatedly. (Two
types of nozzles were used. All three SP fires were
not extinguished when using the SHT nozzles, a
worse result than that obtained using the SES
nozzles.) The test at 10% HCFC Blend A was
also not successful in suppressing the floor pan
fires. It appears that, at concentrations of 8.6 to
10%, fire extinguishment relied mainly on direct
dynamic interaction of the spray and the fires
and such dynamic action was weak in the floor
corners.

The 8.6% design concentration originated from
ULC tests conducted in a small compartment
(approximately 23 m3).3 The effect of nozzle
dynamics on fire extinguishment and the issues
of agent distribution were not evident until full-
scale testing. A more significant issue was the
likely oxygen depletion in a small compartment.
Oxygen depletion could aid fire extinguishment
and the Naval Research Laboratory, in its inter-
mediate- and full-scale testing,5.6 already demon-
strated this effect.

Oxygen depletion in the compartment caused by
the fire pre-burn of Scenario 1 (as shown in
Fig. 14), however, was negligible since the total
fire size was relatively small and the compart-
ment door was kept open before the discharge.
Series 1 tests demonstrated that, without signifi-
cant oxygen depletion, HCFC Blend A cannot
extinguish some test fires at design concentra-
tions of 8.6 to 10%. Since an automatic fire sup-
pression system is intended to suppress fire at
its early stages, the system must be designed
at an agent concentration above its Cup Burner
value without the aid of oxygen depletion for
reflash protection. (In the literature, the Cup
Burner value of HCFC Blend A ranges from 9.9%
to 11% for heptane.)1~2 The test conducted at 14%

Table 1. Discharge Results of HFC-227ea Tests
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Table 2. Discharge Results of HCFC Blend A Tests
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aInternal orifice (11.5 mm diameter) plate in SES nozzle was removed.

of HCFC Blend A was successful in suppressing
all the fires in Scenario 1.

After the Series 1 tests, the manufacturer-

designed a new piping system for HCFC Blend A
at 12% for NRC to test in Series 2. HCFC Blend A

at 12% extinguished all test fires in all four sce-
narios, regardless of their position in the com-
partment or the degree of shielding. As a result
of the tests, the manufacturer no longer recom-
mends 8.6% as the design concentration for
HCFC Blend A for Class B fires.

Table 4 shows the results of fire extinguishment
in the HFC-227ea tests. In both test series, at the
same agent concentrations and discharge times,
extinguishment of Scenario 2 fires was faster
than that of Scenario 1 fires. Since Scenario 2

produced larger fires, the oxygen concentration
in the compartment had been depleted to around
19% during the pre-burn although the door was
kept open. The oxygen depletion accelerated the
fire extinguishment. Tests 1F-4 and 1F-5 show
that a fast discharge results in fast fire extin-
guishment. The two systems did not show signifi-
cant differences in fire extinguishment (compare
Test 1F-1 with Test 2F-1; Test 1F-2 with
Test 2F-2; Test 1F-3 with Test 2F-4).

HFC-227ea at 7.6% and HCFC Blend A at 12%

extinguished all test fires. All heptane pool fires
(TT-1 to TT-8, SPs and RP), including the
shielded round pan, were extinguished within

15 s, depending on the discharge time; most of
the fires were extinguished well before discharge
was completed. There was no evidence of the
&dquo;floor corner effect&dquo;, indicating that the agents
acted in the total flooding mode at these concen-
trations. The in-cabinet TT fires were extin-

guished within 30 s, relatively longer than the
extinguishment of the room pool fires, because
it took some time for the agent to penetrate into
the cabinets through the limited ventilation
grilles. However, there was no provision for any
turbulent interaction of the agent with the small
flames inside the cabinets. The extinguishment
of the WC fire always took longer than the dis-
charge time.

After fire extinguishment, two re-ignition
attempts were made with 30 s ventilation before
the second re-ignition attempt. After the extin-
guishment of the large Scenario 2 fires, the fuel
pans could not be re-ignited because of signifi-
cant oxygen depletion by the pre-burn and oxy-
gen displacement by each agent. Re-ignition was
more likely to occur after extinguishment of
small fires when the oxygen concentration in the

compartment was still high. In Test 2F-1 and
Test 2N-1 with each agent, for example, the ele-
vated SP-3 was re-ignited to a sustained flame
during the second re-ignition attempt. In most
other cases, small flames occurred at the hot igni-
tors but self-extinguished once the ignitors were
de-energized. In real world applications, there
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Table 3. Fire Extinguishment Results of HCFC Blend A Tests

apost-discharge ignition: agent was discharged first and then 3 SPs were ignited (without the TT fires)
and burned out until fuel was exhausted.

bLarge fire shielded by a metal box.

Note: The shaded areas indicate that the fires were not used.

can be a continuously energized heat source,
which can result in sustained re-ignitions.

Fire Gas Products

During the full-scale fire suppression tests, HFC-
227ea and HCFC Blend A produced halogenated
compounds, such as hydrogen fluoride (HF) and
carbonyl fluoride (COF2). HCFC Blend A also
produced hydrogen chloride (HCI). In addition to
the production of halogenated compounds, the
replacement agents were observed to produce an
increased quantity of carbon monoxide (CO). The
details of the gas measurements during the fire

tests can be found in separate papers~~,8 A sum-
mary of the measurement results follows.

CO production
Figure 15 shows two CO concentration-time pro-
files measured at the ceiling height in the com-
partment using the gas analyzers. There was a
sharp increase in the CO concentration after the
discharge of HFC-22ea and HCFC Blend A.
Table 5 shows average concentrations of CO
measured using the FTIR spectrometer during
the Scenario 1 fire tests. The values are 3 min

averages over the three FTIR sampling locations.
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Figure 14. 02 Concentration in Test Compartment during Fire Tests (Fire Scenario 1).

The CO concentration was higher in the HFC-
227ea and HCFC Blend A tests than in the
Halon 1301 test. Although CO started to be
formed during the pre-burn, combustion of the
fuel can only account for part of the CO produc-
tion in the HCFC Blend A and HFC-227ea tests,
in comparison with the CO production in the
Halon 1301 test. This suggests that agent-flame
interaction resulted in an increased CO produc-
tion in the HFC-227ea and HCFC Blend A tests.

The ratio of the CO concentration to the C02
concentration was also higher in the HFC-227ea
and HCFC Blend A tests than in the Halon 1301
test. For the heptane pool fires, the CO/C02 ratio
was 0.15 in the HCFC Blend A tests, 0.11 in the
HFC-227ea tests and 0.03 in the Halon 1301 test.

Recently, NRC also conducted fire suppression
tests for water mist and argon, respectively,
using Fire Scenario 1 in the same test compart-
ment ; the CO/CO2 ratio was 0.01 in both tests.
The high CO/CO2 ratios in the HCFC Blend A
and HFC-227ea tests also indicate that agent-
flame interaction results in an increased CO pro-
duction in these fire tests.

Halogenated gas products
Tables 6 to 14 show averaged HF concentrations
produced during the fire tests under several simi-
lar conditions. The values are 3 min averages
over the three FTIR sampling locations. (Note
that the airtightness of the compartment was
high and the decay rate of the HF concentration
in the compartment was slow, affecting the aver-
age concentrations.)

HCFC Blend A and HFC-227ea each produced
more HF than was produced with Halon 1301
(see Table 6). (Note that discharge and fire extin-
guishment were faster for Halon 1301 than for
HCFC Blend A and HFC-227ea.) HCFC Blend A
also produced HCI at concentrations in the order
of 103 ppm in all the tests.

The production of HF clearly increased with an
increase in the total fire size for each of the two

replacement agents (Tables 7 and 8). Similarly,
the CO concentration also increased with

increasing fire size. The effect of fuel type (hep-
tane and wood crib) on the HF production is
unclear because other factors (such as extin-
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Table 4. Fire Extinguishment Results of HFC-227ea Tests

aA part of the check valve in the manifold was broken off and the piece was stuck in the manifold,
blocking the flow of the agent.
bWood crib of 0.3 m by 0.3 m and 0.24 m high.
clarge pan fire shielded by a metal box.

Note: Shaded areas indicate that the fires were not used.

guishment time, etc.) are not the same (see
Tables 9 and 10). However, fire size appeared
to be a more important factor affecting the HF
production than the fuel type. The effect of
shielding, shown in Table 11, is actually a reflec-
tion of the effective fire size on the HF produc-
tion. The RP was 1.43 times the sum of the three
SPs in area. Without shielding, the RP
(Scenario 4) would have had a fire size larger
than Scenario 1 and would have been close to
the fire size of Scenario 2. In fact, the shielding
reduced the effective fire size of the RP in
Scenario 4 and resulted in an HF concentration
similar to that produced by the three SP fires.

The agent concentration affects the quantity of
by-products formed. Tables 12 and 13 indicate

that increasing the design concentration of the
agents reduces the HF production. A fast agent
discharge was also a factor for reduced HF con-
centration in Test 1N-10 (see Table 13). Table 14
shows that the HF concentration is lower using
the manufacturer-designed piping system than
using the existing system for the HFC-227ea
tests.

The test results clearly show that the quantities
of acid gases generated during fire suppression
depend on the type, concentration and discharge
of the agents and the size of the test fires, which
is in accordance with other works in the field.&dquo;,*12
Because NRC’s test compartment is very air-

tight, some HF values in the HFC-227ea tests
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Figure 15. CO Concentration Measured at the Compartment Ceiling Using CO Gas Analyzer during Fire Tests (Fire
Scenario 2, Series 2).

Table 5. Average Concentration of CO during Tests of Three Agents
(Fire Scenario 1)

athe 02 level at end of pre-burn was 20.2% and all TT fires were extinguished within 2 to 12 s.
bThe 02 level at end of pre-burn was 20.2% and all TT fires were extinguished within 1 to 15 s.
cthe 02 level at end of pre-burn was 20.7% and all TT fires were extinguished within 3 s.

are somewhat higher than the values obtained
by others for the same fire size per unit volume.4~9

Safety implications of gas products
HF and HCI are irritating to the eyes, nose,
throat, skin and respiratory system and can pose
a health hazard to people if the concentrations
exceed safety levels. According to &dquo;Dangerous
Properties of Industrial Materials&dquo;,13 the lowest
HF concentration in air that has been reported

to cause human death, LCLo, is 50 ppm for an
exposure of 30 min. The LCLo for HC1 is
1300 ppm in 30 min or 3000 ppm in 5 min. The
effects of individual irritants or irritant mixtures
on escape behavior, the degree of incapacitation
and lung damage in humans are difficult to quan-
tify. However, the SFPE Handbook estimates
that HF is highly irritating to humans at
120 ppm and HC1 at 200 ppm.l4 It also estimates
that, for a 30 min exposure, 2900 ppm HF and
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Table 6. Average Concentration of HF Produced by Three Agents
(Fire Scenario 1 and 20.7% O2 at end of pre-burn)

aall TT fires were extinguished before extinguishment of the SP fire.

Table 7. Effect of Fire Size on HF and CO Production during HFC-227ea Tests
(7.6% HFC-227ea and 11 s discharge)

aall TT fires were extinguished within 2 to 12 s.

Table 8. Effect of Fire Size on HF and CO Production during HCFC Blend A Tests
(12% HCFC Blend A)

aAgent discharge time was 13 s and all TT fires were extinguished within 1 to 15 s.
bAgent discharge time was 6 s and all TT fires were extinguished within 1 to 7 s.

Table 9. Effect of Fuel Type on HF Production during HFC-227ea Tests

(20.2% 02 at end of pre-burn, 7.6% HFC-227ea and 11 s discharge)

&dquo;All TT fires were extinguished before extinguishment of the SP fire.
bA pre-burn of 60 s was used for the wood crib with an estimated heat release rate of 200 kW.
call in-cabinet small fires were extinguished within 23 to 25 s.
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Table 10. Effect of Fuel Type on HF Production during HCFC Blend A Tests

(12% HCFC Blend A and 6 s discharge)

aAll TT fires were extinguished within 1 to 7 s.
’A pre-burn of 120 s was used for the wood crib with an estimated heat release rate of 400 kW.
call in-cabinet small fires were extinguished within 6 to 15 s.

Table 11. Effect of Shielding on HF Production during HCFC Blend A Tests
(12% HCFC Blend A)

aagent discharge time was 13 s and all TT fires were extinguished within 1 to 15 s.
’Agent discharge time was 6 s and all TT fires were extinguished within 1 to 7 s.
&dquo;Agent discharge time was 7 s and all in-cabinet small fires were extinguished within 8 to 30 s.

Table 12. Effect of HFC-227ea Concentration on HF Production

(Fire Scenario 2 and 19.0% 02 at end of pre-burn)

I I I .

aAgent discharge time was 11 s and all TT fires were extinguished within 2 to 12 s.
’Agent discharge time was 14 s and all TT fires were extinguished within 2 to 10 s.

3800 ppm HCI are likely to be lethal. In the U.S.
Occupational Safety and Health Administration
(OSHA) Regulated Hazardous Substances, HF is
listed as being immediately dangerous to life or
health at 30 ppm and HCI at 100 ppm.l5

CO inhalation has been one of the important
causes of incapacitation in many fire incidents.
It can combine with hemoglobin in human blood

to form carboxyhemoglobin and reduce the car-
riage of oxygen in the blood.13-15 The upper per-
missible exposure limit for CO is 200 ppm, estab-
lished by the U.S. OSHA.15

The HF and HCI concentrations produced in the
HFC-227ea and HCFC Blend A FC-227ea and
tests are dangerous even for brief exposures. The
concentration of CO produced in the tests also
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Table 13. Effect of HCFC Blend A Concentration and Discharge Time on HF Production

(Fire Scenario 1)
, I I I I ,

athe O2 level at end of pre-burn was 20.7% and all TT fires were extinguished within 4 to 8 s.
bThe O2 level at end of pre-burn was 20.2% and all TT fires were extinguished within 1 to 15 s.

Table 14. Effect of Discharge System on HF Production during HFC-227ea Tests

(Fire Scenario 1 and 7.6% HFC-227ea)

athe O2 level at end of pre-burn was 20.7% and all TT fires were extinguished within 2 to 6 s.
bThe 02 level at end of pre-burn was 20.2% and all TT fires were extinguished within 2 to 12 s.

exceeds the allowed exposure limit. Because of
the potential health hazard, safety measures
should be taken to prevent human exposure to
the fire gases.

CONCLUSIONS

HCFC Blend A, at a design concentration of 8.6
to 10%, was not successful in extinguishing some
test fires in the total flooding mode. HCFC Blend
A, at a design concentration of 12%, extinguished
all test fires. Based on these results, the manu-
facturer no longer recommends the 8.6% design
concentration for HCFC Blend A. HFC-227ea at
7.6% demonstrated effective total flooding fire
extinguishing performance for the test scenarios
in the test compartment. HF and COF2 were pro-
duced during fire suppression tests with HFC-
227ea and HCFC Blend A (the latter also pro-
duced HCI during the tests). The quantity of acid
gases generated during suppression increased
with increasing fire sizes and discharge times
and decreased with increasing agent concentra-
tions. The concentrations of HF and HCI pro-
duced during the HFC-227ea and HCFC Blend A
tests were higher than during the Halon 1301

test. The test results also showed that an
increased quantity of carbon monoxide was pro-
duced during fire suppression tests with HCFC
Blend A and HFC-227ea, caused by agent-flame
interaction. Safety measures must be taken to
prevent human exposure to the dangerous gases.
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