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ABSTRACT: Total flooding fire suppression tests of pure argon (IG-01) and an inert gas
mixture (IG-541) were conducted in a 121 m3 compartment with simulated electronic-
cabinet fires, wood-crib fires, liquid-pool fires and spray fires. Both agents extinguished
the test fires by reducing the oxygen concentration in the compartment. Small fires
were challenging to extinguish while large fires were easier to extinguish. The oxygen
concentration in the compartment fell to below 10% in some of the tests with large test
fires. IG-541 was uniformly distributed throughout the compartment during the tests. The
distribution of argon became stratified during the tests.

KEY WORDS: fire suppression, halon alternatives, inert gas agents, total flooding,
large-scale test.

INTRODUCTION

IN RESPONSE TO the production ban on ozone-depleting halons by the Montreal
Protocol, the fire protection community has developed and commercialized

several halon replacements with zero or reduced ozone depletion potentials for
fire protection applications. The fire protection community is facing new environ-
mental challenges as developed countries begin to tackle the issue of the global cli-
mate changes as reflected in the Kyoto Protocol. Most halon replacements
(i.e., halocarbon agents) have global warming potential and may be subject to reg-
ulation in future developments of the Kyoto Protocol. In addition, toxic or corro-
sive by-products, such as hydrogen fluoride and carbonyl fluoride, are generally
produced when halon replacements are used for fire suppression, which bring
about concerns for the safety of humans and property.

Inert gas (IG) agents, including nitrogen, have been investigated in laboratory
studies as fire extinguishing agents [1–6]. Inert gases are the most environmen-
tally safe gas agents since they are natural components in the atmosphere. They ex-
tinguish a fire by physically replacing the oxygen thereby reducing the oxygen
*Author to whom correspondence should be addressed. E-mail: joseph.su@nrc.ca

72 Journal of FIRE PROTECTION ENGINEERING, Vol. 11—May 2001

1532-172X/01/02 0072–16 $10.00/0 DOI: 10.1106/X21V-YQKU-PMKP-XGTP
© 2001 Society of Fire Protection Engineers

mailto:joseph.su@nrc.ca


Fire Suppression with Inert Gas Agents 73

Table 1. Inert gas fire suppression agents.

Inert Gas Composition (vol.%)

Inert Gas Trade Name N2 Ar CO2

IG-01 Argotec 0 100 0
IG-55 Argonite 50 50 0
IG-541 Inergen 52 40 8
IG-100 NN-100 100 0 0
concentration in a confined space to a level that no longer supports combustion,
leaving no toxic decomposition products generated during fire suppression [7].

Commercialized inert gas agents for fire suppression applications are generally
mixtures of nitrogen and argon. Table 1 shows four inert gas agents that are cur-
rently acceptable for total flooding applications in normally occupied spaces [8].
The IG number designation represents the composition of nitrogen, argon and car-
bon dioxide in the mixture. The minimum concentration of an agent required
for fire suppression varies for different fuels [9–11]. The ranking of the agents
in terms of minimum fire extinguishing concentrations also varies for different
fuels [9,11].

In order to dilute the oxygen concentration to a level that does not support com-
bustion, the design concentrations of inert gas agents are generally in the range of
30 to 50%. Although inert gases have no specific toxicity effect, they can cause as-
phyxiation at high concentrations. In a normally occupied space, the O2 concentra-
tion level must be able to support lives. Most healthy individuals could tolerate a
12% O2 level for a short period [12]. When oxygen is diminished by inert gases to
below 10%, however, marked symptoms and impairments can occur [12]. To en-
sure human safety, the design concentration of an inert gas must not result in the O2

level dropping lower than 10% in the confined space (one minute egress time is re-
quired) [8]. IG-541 contains CO2 in order to stimulate the breathing reflex for the
human body to compensate for the low O2 concentration but it must not result in
the CO2 level rising higher than 5% in the confined space, above which adverse ef-
fects on human health can occur [8,12–14].

Although many inert gas systems have been installed world-wide for various
fire protection applications, large scale fire test data is not readily available in liter-
ature. The National Research Council of Canada (NRC) has completed a series of
full-scale tests of argon (IG-01) and the inert gas mixture IG-541 in the total flood-
ing mode. This paper describes the tests and provides the results.

FIRE SUPPRESSION TEST

Design concentrations of gaseous agents for fire suppression systems are often
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based on cup burner tests. General practice is to use the cup burner extinguishing
concentration times a safety factor (SF) as the minimum design concentration
for an agent. In the cup burner tests, the concentration of IG-541 for extin-
guishing heptane flame was 29% by volume; the concentration of argon was 38%
for extinguishing heptane flame, and 27% for extinguishing toluene flame [9,10].
In NRC full-scale tests, the two inert gas agents were tested at a concentration of
40% for the heptane fuel and argon was also tested at a concentration of 34% for
the toluene fuel.

Test Compartment

Fire suppression tests were conducted in a 121 m3 compartment, which simu-
lated Radar Room No. 2 on Canadian Navy Halifax Class frigates, as shown in
Figure 1. The test compartment was relatively airtight. Given that a rapid injection
of a large quantity of the inert gases into the compartment could cause sudden
over-pressurization, a pressure relief vent (0.5 m by 0.5 m) was used to prevent
damage to the enclosure during the discharge of the agents.

Three thermocouple (TC) trees were used to monitor the temperature inside the
compartment. Each TC tree was 2.8 m high and contained six thermocouples.
Pressure taps were used to monitor the pressure inside the compartment at three el-
evations (0.29, 1.47 and 2.67 m). At each elevation, three pressure taps were used
and manifolded to measure the average pressure. The concentrations of CO, CO2

and O2 in the test compartment were measured using CO2/CO and O2 analyzers
that were connected to two sampling ports mounted on the west wall at the mid-
height and ceiling height. The discharge sound level in the compartment was mea-
sured using a broadband sound meter.

Piping System

Figure 1 shows the discharge piping system used in the tests, which simulates
the Halon 1301 piping system on board the Navy frigates. The distribution pipe
was Schedule 80 steel pipe and branched to two arms inside the compartment.
Pressure transducers and thermocouples were installed along the pipe to monitor
the flow inside the pipe during discharge. Special discharge nozzles, agent cylin-
ders and manifold connecting cylinders to the distribution pipe were provided by
the manufacturer and authorized dealer of the inert gas systems.

For the IG-541 tests, two discharge nozzles were used. One nozzle, shown
in Figure 2, was installed at each arm, 2.75 m above the floor. The nozzles were cy-
lindrical with 2 rows of 8 holes around the nozzle axis. The discharge orifice was
15.5 mm in diameter for the south nozzle and 14.7 mm for the east nozzle. Five cyl-
inders (0.28 m in diameter and 1.57 m in height) were used in each test to achieve
the 40% concentration and the IG-541 was pressurized to 150 bar.
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Figure 2. Discharge nozzle of IG-541.
For the argon tests, four discharge nozzles were used. Two sprinkler-like noz-
zles, shown in Figure 3, were installed at each arm, 2.65 m above the floor. The dis-
charge orifice was 11.0 mm in diameter for the south nozzles and 10.3 mm for the
east nozzles, respectively. The argon was pressurized in cylinders to a pressure of
150 bar. Six cylinders (0.23 m in diameter and 1.48 m in height) were used to
achieve the 40% concentration and five cylinders were used to achieve the 34%
concentration in the compartment.
Figure 3. Discharge nozzles of argon.
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Fire Scenarios

Figure 4 shows four fire scenarios consisting of simulated electronic-cabinet
fires, wood-crib fires, liquid-pool fires and spray fires. The liquid fuel used was ei-
ther heptane or toluene.

Scenario 1 included tell-tale (TT) fires and square-pan (SP) fires. Each TT was a
75 mm diameter can containing 20 mL of liquid fuel. Each SP (0.3 m × 0.3 m) con-
tained 425 mL of liquid fuel. Two SPs were placed on the floor in the southeast and
northwest corners. Another SP was placed midway up the wall in the southwest
corner. (Each SP was placed 50 mm away from the walls.) Ignition of the test fires
started 30 s before discharge. The TT fires were ignited first, then the SP fires us-
ing torches. The total heat release rate was estimated to be 200 kW for the heptane
fuel and 180 kW for the toluene fuel.

Scenario 2 included TT fires, SP fires and a large round-pan (RP) fire. The
RP (0.7 m in diameter) contained 2 L of heptane fuel, producing a fire with an
estimated heat release rate of 550 kW. The RP was placed on the floor at 1.32 m
away from the east wall and 1.45 m away from the south wall. The TTs and
SPs were placed in the same locations as in Scenario 1. Ignition of the test fires
started 30 s before discharge. The TT fires were ignited first, then the SP fires
and, finally, the RP fire using torches. The total heat release rate was estimated to
be 750 kW.

Scenario 3 included simulated electronic-cabinet fires and Class A wood-crib
(WC) fires. An electronic switching gear cabinet (SGC, 0.75 m × 0.61 m × 2.1 m)
was placed against the east wall near the door. This metal cabinet had ventilation
grilles on the sides. A tell-tale can containing heptane was placed at the bottom
of the cabinet. A 0.4 m long cable bundle in a PVC slotted cable ladder was
mounted vertically in the upper portion of the cabinet. The tell-tale and the cable
bundle inside the SGC were ignited using torches. Three other mock-up cabinets
(MC, 0.81 m × 0.81 m × 1.0 m) were made of polycarbonate plastic sheets, each
with two small grille openings. MC-1 and MC-2 each had an opening ratio of 5%
(ratio of the opening area over the total surface area of the cabinet) and were placed
one on top of the other. MC-3, with an opening ratio of 2%, was placed on the floor.
Each mock-up cabinet had a tell-tale can (filled with heptane) inside. The tell-tale
fires inside the mock-up cabinets were ignited using electric ignitors. The wood
crib (0.6 m × 0.6 m × 0.24 m) was made of pine sticks (40 mm × 40 mm × 600 mm)
arranged in 6 layers (10 sticks per layer), and was placed in the southwest corner on
the floor. The wood crib was ignited 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 to be 450 kW.

Scenario 4 included a shielded RP fire and a shielded spray fire. The circular RP
was covered with a box made of meshed steel sheets. The meshed steel sheets
had an opening ratio of 33% for the sides of the box and an opening ratio of 6%
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Figure 4. The four fire scenarios.
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for the top of the box. The liquid fuel was sprayed from a fuel nozzle at an operat-
ing pressure of 5.8 bar for the IG-541 tests and 8.3 bar for the argon tests. A metal
table (1 m wide × 1.36 m long × 0.61 m high) was used to cover the fuel nozzles and
shield the spray fire. Ignition started 20 s before discharge. The RP fire was ignited
first (using a torch) and then the spray fire (using an electric ignitor). The total heat
release rate was estimated to be more than 1 MW for the heptane fuel and 0.9 MW
for the toluene fuel.

Thermocouples were placed at each fire location to determine fire extinguish-
ment times. To minimize oxygen consumption by the fires, the compartment door
was kept open during the pre-burn. The door was closed when discharge began.
After extinguishment was achieved, re-ignition of the fuel pans and/or spray was
attempted using electric ignitors.

RESULTS AND DISCUSSION

Figure 5 shows the discharge characteristics for IG-541 during a discharge test
(no fire, 40% concentration). This discharge test, as well as all other IG-541 tests,
was conducted in winter. Since part of the distribution pipe was outside the com-
partment and exposed to the ambient temperature, the thermocouples along this
part of the pipe showed readings of –11oC while the thermocouples along the pipe
inside the compartment showed readings of 10 to 12oC before the discharge. Fig-
ure 6 shows the discharge characteristics for argon during the fire test with tell-tale
only (40% concentration). For both agents, the pipe pressure was almost the same
along the pipe and the peak pipe pressure was 52 bar. The pipe temperature
dropped significantly during the discharge and was dependent on position along
the pipe. The maximum sound level measured inside the compartment was 128 dB
during the tests.

The compartment pressure increased with a positive pulse while the compart-
ment temperature decreased when the agent was discharged. The magnitude of the
pressure and temperature changes in the compartment depended on the agent
quantity and compartment conditions. In the fire tests, the positive pressure pulse
increased and the cooling effect of the agent decreased when the fire size in-
creased. The largest pressure pulse in the compartment was 540 Pa for the IG-541
tests and 580 Pa for the argon tests.

Based on the measured oxygen concentration during the discharge tests, the
concentration of the agent in the compartment achieved the design values for both
agents. The discharge time to release 95% of the agent from the cylinders was de-
termined using the time profile of pipe pressure. (The time profiles of pipe temper-
ature, compartment pressure and sound level can also indicate the discharge time.)
For the 40% design concentration, the discharge time was 54 s for IG-541 and 58 s
for argon. For the 34% argon, the discharge time was 49 s. During the discharge,
visibility in the compartment remained adequate for evacuation purposes.
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Figure 5. Characteristics of IG-541 discharge.
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Figure 6. Characteristics of argon discharge.
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Tables 2, 3 and 4 show fire extinguishment times and stabilized concentrations
of O2, CO2 and CO after discharge and extinguishment. When the total fire size
was large (Scenarios 2, 3 and 4), fires were extinguished well before discharge was
completed. Large fires accelerated the oxygen depletion and resulted in quick ex-
tinguishment (although the compartment door was kept open during the pre-burn
to minimize oxygen consumption by the fires). The large heptane pool and spray
fires (Scenario 4) were extinguished by argon at a concentration of 34%, which is
below the cup burner value of 38% as the larger fires had already consumed a con-
siderable amount of oxygen during the pre-burn. Large fires were relatively easy
to extinguish using the inert gas agents.

When the fire size was small, such as Scenario 1, fires were much more chal-
lenging and harder for the inert gas agents to extinguish. IG-541 extinguished the
three SP fires in Scenario 1 in 46 s, the longest extinguishment time among all the
IG-541 tests. Argon extinguished the three SP fires in Scenario 1 at a much later
time than the completion of the discharge.

The tests were conducted using agent concentrations with different safety fac-
tors (SFs). The 40% concentration is 1.4 times the cup burner value of IG-541 and
1.05 times the cup burner value of argon for the heptane fuel. The 34% concentra-
tion of argon is 1.2 times the cup burner value for the toluene fuel. When the total
fire size was large as in Scenarios 2, 3 and 4, the safety factor did not a have major
impact on the resulting fire extinguishment times and all fires were extinguished
before discharge was complete. The concentration safety factor, however, had a
much larger impact on fire extinguishment times when fire size was small. In Sce-
nario 1, the fires were relatively small but posed a much larger challenge for fire
extinguishment by means of oxygen depletion. When there was little safety mar-
Table 2. Results of IG-541 tests (40% IG-541, SF = 1.4, heptane liquid fuel).

Tell-Tale
Only

(50 kW)

Scenario
1

(200 kW)

Scenario
2

(750 kW)

Scenario
3

(450 kW)

Scenario
4

(1000 kW)

Fire
Extinguishment
Time (s)

8 TTs 5 to 25 5 to 15 5 to 10

3 SPs 15 to 46 10 to 37

RP 35 40

WC 27

Cabinets 15 to 30

Spray 23

Concentration
after Discharge/
Extinguishment

O2 (%) 12.3 11.0 10.2 9.7 9.5

CO2 (%) 3.6 4.1 4.5 5.0 4.9

CO (ppm) 10 50 90 230 160

Note: Shaded areas indicate that the fires were not used.
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Table 3. Results of argon tests (40% IG-01, SF = 1.05, heptane liquid fuel).

Tell-Tale
Only

(50 kW)

Scenario
1

(200 kW)

Scenario
2

(750 kW)

Scenario
3

(450 kW)

Scenario
4

(1000 kW)

Fire
Extinguishment
Time (s)

8 TTs 8 to 37 2 to 91 2 to 27

3 SPs 190 to 207 20 to 31

RP 30 35

WC 41

Cabinets 10 to 48

Spray 30

Concentration
after Discharge/
Extinguishment

O2 (%) 12.5 11.4 8.2 10.1 8.3

CO2 (%) 0.1 0.75 1.3 1.0 1.5

CO (ppm) <10 80 260 140 340

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

Table 4. Results of argon tests (34% IG-01).

Scenario 1
(180 kW)

(toluene fuel)
(SF = 1.2)

Scenario 4
(900 kW)

(toluene fuel)
(SF = 1.2)

Scenario 4
(1000 kW)

(heptane fuel)
(SF = 0.9)

Fire
Extinguishment
Time (s)

8 TTs 2 to 37

3 SPs 84 to 97

RP 38 38

Spray 48 55

Concentration
after Discharge/
Extinguishment

O2 (%) 11.8 9.3 9.2

CO2 (%) 1.0 2.1 2.0

CO (ppm) 360 540 300

Note: Shaded areas indicate that the fires were not used.
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gin in the agent concentration (SF = 1.05), extinguishing the Scenario 1 fires took
more than 3 min. The extinguishment time shortened to 1.5 min when SF = 1.2 and
to less than 1 min when SF = 1.4.

Effect of fire location on the fire extinguishment was observed in all tests, espe-
cially in the tests using only the tell-tale fires. The tell-tale fires that were closer to
the nozzles were generally extinguished much quicker than the ones that were far-
ther from the nozzles. However, the two agents behaved differently in the vertical
direction. At the same floor spot, IG-541 usually extinguished the top tell-tale fire
first while IG-01 usually extinguished the lower tell-tale fire first (argon is heavier
than air).

Extinguishment times were generally shorter for the unshielded fires than
for the shielded fires. Comparing the results from the tell-tale only tests
with the Scenario 3 tests, the extinguishment times of the unshielded tell-tale
fires were up to 10 s shorter than those of the in-cabinet fires. The extin-
guishment of the unshielded round-pan fire was 5 s faster than that of the
shielded RP fire.

For IG-01, the test results showed that the heptane fire was much more difficult
to extinguish than the toluene fire. In Scenario 1 tests, IG-01 extinguished the
heptane fires in more than 3 min at a 40% concentration while it extinguished the
toluene fires in a shorter time (1.5 min) at a lower concentration (34%). This is in
accordance with the results of the small cup-burner test [9]. In contrast, for IG-541,
toluene flame was more difficult to extinguish than heptane flame in the cup-
burner test [9].

Since IG-541 and argon extinguished the test fires by reducing the oxygen con-
centration in the compartment, they did not decompose into any by-products dur-
ing fire suppression. The CO2 concentration, which resulted from the pre-burn,
was equal to or smaller than 2% CO2 in all the fire tests. (For the IG-541 tests, addi-
tional CO2 came from the agent itself; the discharge test showed that the agent
discharge resulted in 3.1% CO2.) The CO concentration depended not only on the
fire size but also on the fuel type. The toluene fuel produced more CO than the
heptane fuel.

In normally occupied spaces, the resulting O2 concentration after inert gas dis-
charge is required to be able to support life. In a non-fire discharge (accidental dis-
charge or system test), a properly designed inert gas system will not result in an un-
tenable environment. Nevertheless, it by no means suggests that the same tenable
O2 level can be maintained during real fire suppression. Depending on the fire size,
the O2 concentration may be much lower than the safe level. Figure 7 shows the O2

concentration in the compartment after discharge as a function of fire size (nor-
malized by the compartment size). When there were no fires or when the fire size
was small (tell-tale fires alone), the oxygen concentration in the compartment was
above 12% after the discharge of the two agents. However, when large test fires
were used, the oxygen concentration in the compartment fell to below 10% in
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Figure 7. O2 concentration after discharge versus ratio of fire size to room size.
some tests. Therefore, prompt evacuation must be emphasized when the discharge
alarm is activated.

NFPA 2001 requires that, after discharge, the agent concentration shall be
maintained for a sufficient period of time to prevent re-ignition [10]. As shown
in Figure 5, the measured O2 concentration indicates that the IG-541 concentration
was maintained and uniformly distributed at different heights in the compartment
for an extended period of time. The measured O2 concentration, as shown in Fig-
ure 6, indicates that the argon distribution stratified and became non-homoge-
neous as time passed during the test. Since argon is heavier than air, the argon con-
centration became low in the top part of the compartment but high in the bottom
part of the compartment due to gravity.

Several attempts were made to re-ignite the square pans, in-cabinet tell-tale
cans, or fuel spray using electric ignitors. As long as the door was kept closed,
both agents were effective in preventing re-ignition from occurring within at least
20 min. Note that these ignitors and fuel sources were all located in the lower part
of the compartment. For IG-01, re-ignition might occur, even if the door was kept
closed, if the re-ignition sources were in the upper part of the compartment.

CONCLUSIONS

Inert gases are the most environmentally safe gas agents for certain total-flood-
ing fire protection applications where system volume and weight is not an issue.
Since the inert gas agents extinguish a fire by physically reducing the oxygen con-
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centration in a confined space, they leave no toxic decomposition products during
fire suppression.

NRC’s experimental work provides large-scale test data of the inert gas agents
for fire suppression applications. Most of the fires were extinguished before dis-
charge was complete. With the inert gases, small fires were more challenging to
extinguish while large fires were easier to extinguish. The reliability of the inert
gas systems in suppressing a fire increases with an increasing safety factor in de-
sign concentration. Prompt evacuation must be emphasized when the discharge
alarm is activated since the O2 concentration can be much lower than the safe level
when there is a large fire. It is worth noting that, during the discharge, visibility in
the compartment remained adequate for evacuation purposes.

The IG-541 concentration was maintained uniformly in the test compartment
for an extended period of time during the tests, which is desirable for re-ignition
prevention. Argon is heavier than air and its distribution stratified with time during
the tests, therefore, argon is good at protecting an enclosure where potential fire
sources are most likely located on the floor level or at the lower part of the enclo-
sure. IG-541 is the better choice of the two if potential fire sources are randomly
located.
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