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ABSTRACT 

Tests have been carried out on various extinguishing agents using a tubular propane burner. 
The Rate of Heat Release (RHR) was measured using oxygen calorimetry. Thermal 
decomposition products were identified and quantified using wet chemistry and ion 
chromatography. Some agents were found to increase the RHR. In addition the generation 
of fluorinated decomposition products was higher for the replacement chemicals, and the 
amount of thermal decomposition products was found to be linearly related to the 
extinguishing time and the mass burning rate. The flammability limits of mixtures of 
propane and agent with air were determined in explosion chambers with volumes of 8, 13 
and 784 liters using sparks of 0.7-150 Joule across a 4-5 mm electrode gap. The results 
indicate that the combination of a relatively high spark energy in a small volume and a 1 
psi combustion criterion overestimates the inerting concentration needed for room 
protection. 

KEYWORDS: Halon replacements, Decomposition products, Inerting concentration, Flame 
extinction 

INTRODUCTION 

Studies of fire extinction have received more attention from the research community 
recently as a consequence of the involvement of halons in the depletion of the stratospheric 
ozone layer [I-41. Although numerous chemical suppressants have been in use for more 
than half a century, the mechanisms by which they inhibit combustion are not yet fully 
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understood [l-81, i.e. fundamental criteria for the extinction of diffusion flames and 
premixed flames have not yet been established. In order to establish such criteria, attention 
must be directed to gas phase flames, aspects of turbulence and penetration of suppressants 
to gas phase flames. The extinction models that have been presented range from relatively 
detailed theories for simplified burner configurations [9] to empirical relationships for 
diffusion flames and premixed flames which correlate and predict the fire-suppression 
effectiveness for a wide variety of gaseous, liquid and solid agents [I-41. The empirical 
models, based either wholly on heat absorption processes [2,3] or on a combination of heat 
absorption processes and a chemical suppression factor [1,4], provide a criterion for 
extinction which can be expressed in terms of a critical adiabatic flame temperature chosen 
to fit experimental data. More recently, a model which combines an energy-based approach 
with chemical-kinetic considerations has been published [lo]. 

Many papers have been published on the measurement of extinction limits. Considerably 
less research has been devoted to near-limit phenomena and to the mechanism of 
non-stationary flame extinction. A better understanding of the physical action of 
suppression is needed in the search for alternatives to halons. 

In order to collect more data on extinguishment phenomena and agent performance more 
than 100 tests have been conducted in this study using a tubular burner and explosion 
bombs. Nine different chemicals and chemical blends have been investigated. 

FLAME EXTINCTION 

Introduction 

The most common methodology for measuring the efficiency of different fire extinguishing 
agents against diffusion flames is to use a laboratory cup burner [ll-161. However, the 
results from a cup burner test depend on many variables, e.g. fuel level, burner size, 
chimney size, temperature, air flow and operator. Even minor differences in equipment and 
technique can change cup burner values by as much as 50% [11,16]. When comparing 
burner cup data with a developed fire scenario one must consider differences between 
laminar and turbulent conditions in flames, as well as differences in heat balance. For 
non-charring PMMA, for example, extinction was found at about 6% Halon 1301 with 
FMRC 50 kW scale apparatus with external radiation [17], in contrast to a value of about 
2.5% with an NIST PMMA burner [15]. 

Test Method 

One limitation in most of the tests referred to above is that they have been performed on 
a small scale, and in most cases the results are difficult to translate into real fire situations. 
With the introduction of the gas burner test, it was hoped that these problems could be 
overcome, as the scale easily could be increased and quantitative results could be obtained. 
The method was originally developed by NIST for the study of water spray extinction on 
large jet flames [la]. The method has been developed to a NORD-TEST Method NTFIRE 
044 [19-231. 



FIGURE 1. Experimental set-up 

Testing was carried out using a tubular burner, where the propane gas and the extinguishing 
media were mixed prior to reaching the burner outlet, as shown in Figure 1. The agent was 
evaporated and fed into the gas flow, and the feeding rate (me) was determined by placing 

the pressure vessel with agent on a weighing device. The propane flow (mg) was measured 
and controlled using a gas flow meter. The quantity of agent was increased until flame 
extinction occured. The specific amount of extinguishing medium required (Required Ex- 
tinguishing Medium Portion, REMP me/mg, i.e. the ratio of the agent quantity to fuel quan- 
tity consumed) is given as a quantitative measure of the efficiency of the agent. The lower 
the REMP value, the more efficient the agent. An important aspect is that the burner oper- 
ates at a low Froude number, i.e. where gravitational forces dominate the flame behavior. 

Test Results 

Examples of various REMP values at low Froude numbers are given in Table 1. In Figure 
2 the measured normalized rate of heat release (RHR) (initial 80-100 kW) is shown for 
Halon 1301, Halon 2320 (HCFC 123), Halon 2400 (HFC 134a) Halon 3700 (HFC 227ea), 
Halotron I (gas blend of 98.4 %w HCFC 123, 0.8 %w FC14 and 0.8 %w Argon) and a test 
blend of 65 %w HFC 134a, 30 %w SF6 and 5 %w CO,. Halon 1301 reduces the RHR 
when a small amount is added and the RHR is then almost constant until extinction occurs. 
Halon 2320 and Halotron I show the same characteristics as an inert gas i.e. the RHR is 
not affected until extinction occurs. Halon 2400, Halon 3700 and the test blend increase 
the RHR with increasing amounts of agent added until extinction occurs. Some of these 
characteristics can be observed visually in the burner cup method but can not be quantified. 
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FIGURE 2. Normalized Rate of Heat Release (RHR) in tubular burner tests. 

TABLE 1. REMP values for some fire suppression agents tested 

I Agent I REMP I SUITABLE APPLICATION 

Halon 1301 
Halon 121 1 
Halotron I 
Halon 24 10 (HCFC 124) 
Halon 2400 (HFC 134a) 
PFC-614 
Halon 3700 (HFC 227ea) 

Flooding 
Streaming, local application 

Streaming, local application 
Streaming, local application 

Flooding 
Streaming 
Flooding 

11 Test Blend 1 10-12 1 Flooding 

Reference tests carried out with the gas burner using twelve different types of dry powder 
[22] showed that the reproducibility in the majority of cases was better than * 5%. A 
similar reproducibility was obtained with Halon 1301 and replacement chemicals in these 
experiments. In addition, tests have indicated that the REMP value is independent of the 
RHR (between 50 and 500 kW) at low Froude numbers (< 100) [19] and that in general 
there seems to be a reasonably good correlation between results from gas burner tests and 
those from full-scale testing [22]. 

FORMATION OF THERMAL DECOMPOSITION PRODUCTS 

Samples for thermal decomposition product analysis were collected (by grab sampling in 
the exhaust duct shown in Figure 1, where the gases are well mixed) in two polypropylene 
gas washing bottles mounted in series. The washing bottles were filled with 20 ml of 
sodium carbonate/sodium bicarbonate solution. The second bottle was used to check that 
all of the halides had been recovered. The halides were quantified by ion chromatography 
(IC). The experimentally measured concentrations of fluoride and bromide ions produced 
from Halon 1301 and the test blend are summarized in Table 2. The concentration, pg per 
litre of gas, was multiplied by the volume flow (at NTP) in the duct and normalized to the 



mass flow of propane in order to obtain the mass yields of chemical compound. 

TABLE 2. Normalized generation of F-, BR- and CO at different percentage REMP values 
for Halon 1301 and the test blend 

In Figure 3 these results are compared with data from propane extinction taken from refs 
[24-281. The literature data have been normalized by multiplying the mean concentration 
value in the room after extinction by the volume of the room and dividing by the mass 
burning rate (before extinguishing) and the extinguishing time. As can be seen in Figure 
3, there is a strong relationship between the amount of thermal decomposition products 
formed, the total flame extinction time [29] and the mass burning rate (fire size). The fire 
size varied from approx 0.3 - 90 kW in refs [24-281. For hydrocarbons (46 kJ/g) the yields 
of fluorine are: Halon 1301, 0.25 g/g; Halon 3700, 1.6 g/g and PFC 410, 2.4 glg. The 
stationary tube data at REMP values close to extinction are in reasonable agreement with 
the results from transient extinguishing experiments. The results clearly indicate that the 
generation of fluorinated decomposition products is higher (by a factor 6-10) for most of 

FIGURE 3. Thermal decomposition of various agents, Test Blend 50-100 kW, + Halon 
3700 burner cup 0.3-7.7 kW [25], x Halon 3700 burner cup +20% 0.3-7.7 kW [25], A 

Halon 3700 88 kW [26], * PFC-410 0.3-7.7 kW [24], A Halon 1301 50-100 kW, Halon 
1301 burner cup 0.3-7.7 kW [25], o Halon 1301 burner cup + 20% 0.3-7.7 kW [25], 0 
Halon 1301 88 kW [26], +Halon 1201 (HBFC 22B1) 88 kW [26], .Halon 1300 (HFC 23) 
88 kW [26]. 



the replacement chemicals in agreement with the findings in refs [24-291. Since the amount 
of decomposition products generated is a function of the extinction time, it is important that 
systems intended for replacement chemicals are optimized for the new agent. Some 
favourable properties of the new agents have also been observed, i.e. a lower generation 
of carbon monoxide and a much lower formation of soot. 

FLAMMABILITY LIMITS - INERTING TESTS 

Introduction 

Inerting tests and applications have one common objective: to prevent the ignition of a 
combustible gas mixture through the addition of a suppressing agent. Theories of ignition 
and flame propagation which include heat transfer and diffusion processes lead to 
conservation equations which can, in principle, be solved to give a burning velocity if 
physical and chemical data are known. These equations do not, however, explain 
discontinuous phenomena such as flammability limits. Since inerting capability cannot be 
predicted with certainty, one has recourse to experiments in which the aim is to determine 
the limits in an apparatus-independent manner. 

Test of inerting capability and flammability limits are usually performed in burettes and 
bombs. From the results, the minimum safe percentage of agent in an agent-air mixture 
at room temperature and atmospheric pressure can be derived in which all proportions of 
fuel and air are non-flammable. This limit usually occurs close to a stoichiometric 
proportion of fuel in air. The limit determined, however, depends on several parameters 
such as the geometry of the enclosure, the ignition source and the combustion criteria used 
to indicate the occurrence of flammability. As shown in refs [30-351 there is a considerable 
scatter in the experimental values of inerting concentrations. With Halon 1301, for example, 
the limit in propane-air mixtures varies from 4 vol % (explosion burette, FMRC 1974, AC 
foil) [30] to 40 vol % (DuPont 1972, 965 ml Bomb, AC spark 1300 Isec) [30]. 

The present experiments have been carried out to determine the influence of the spark 
energy and combustion criteria on the inerting limit of different agents in three different 
enclosures; an 8-litre cube, a 13-litre sphere and a 784-litre room (113 scale of the ASTM 
room - comer test). 

Test Method 

The 8-litre cube. The 8-1 (vacuum-tight) cube (0.2 x 0.2 x 0.2 m) has circular Plexiglas 
windows (0.1 m in diameter) inserted on two opposite sides of the box. A pressure release 
valve, which opens at an overpressure of 0.5 atm, is inserted into a O.lm circular opening 
in the top of the box. Three pairs of electrodes are placed in the box, one at a lower level, 
a second in the geometric centre, and a third at an upper level. The fuel (propane), agent 
and air are introduced into the cube by the standard partial pressure method of filling. After 
the gases are introduced into the box, they are mixed with a fan for 10 minutes. A spark 
of 0.7 - 150 Joule (% CV2) is produced across a 4 mm steel electrode gap. The spark is 
generated by charging capacitors (0.012, 0.5 and 2 pF ) with high voltage (10-15 kV). 
Once the capacitors are charged to the breakdown voltage in the gap they discharge 



automatically. Explosive overpressure is measured with a piezocapacitive transducer 
(sensitivity lV/atm) and recorded on a storage oscilloscope. Video provides visual records 
of the explosive event. 

The 13-litre s~here .  One pair of steel electrodes is mounted in the geometric centre. The 
fuel (propane) and agent are introduced into the evacuated sphere by the standard partial 
pressure technique. The air, compressed to 10-20 atm in a 0.7-1 cylinder is then introduced 
(via a fast-opening magnetic valve) through a series of mesh-covered orifices in order to 
obtain very intense turbulent mixing. (The equipment has been used previously to study 
dust explosions.) An attempt to ignite the mixture is made using a similar spark set (4 
mm). Explosive overpressure is measured as described above. 

The 784-litre room. A 113 scale of the ASTM room comer test is used. The door opening 
is hermetically sealed with a Plexiglas sheet and rubber sealant. The fuel (propane) and 
agent were mixed by weight ( i l  g accuracy) in a pressure vessel and homogenized by 
rotating the cylinder horizontally for 12 hours. A calculated mass of the dense fuel-agent 
mixture (measured by weight) is introduced into the lower part of the room at a slow rate 
and the excess air is ventilated out at the top of the room. After the fuel-agent mixture has 
been introduced, the gases are mixed with a fan placed on the floor of the room. The 
oxygen concentration in the room is then analysed with a paramagnetic oxygen analyser 
(Siemens Oxymat) and with Gas Chromatography. The mixture composition can be set to 
a predetermined value by adding more fuel-agent mixture or air and mixing with the fan. 
An attempt to ignite the mixture is made using a similar spark set (5 mm) mounted in the 
centre of the room 15 cm above the floor. Pressure recordings are performed as described 
above. Video tape provides a visual record of the explosive event. 

Test Results 

Figures 4 and 5 show examples of a video recording and pressure measurements for 

FIGURE 4. Video recordings and pressure development at 0.7 J spark energy, 6 vol % 
agent and 3.9 vol % propane for Halon 1301. 



FIGURE 5. Video recordings and pressure development at 144 J spark energy, 7 vol% 
agent and 3.9 vol% propane for Halon 1301. 

experiments in the 8-litre cube with Halon 1301. The uncertainty in the timing between the 
pressure and video recordings is estimated to be less than 10 msec. The measured inerting 
concentration depends on the choice of the combustion criterion used to indicate the 
occurrence of flammability. If a maximum pressure increase of 0.068 atm (1 psi) is chosen 
as a criterion the inerting concentrations in Table 3 are obtained. The inerting 
concentrations are given as vol % agent in a mixture of agent, air and fuel. To obtain 
values on a fuel free basis the values given must be multiplied by 1.04. The measured 
inerting concentrations are in reasonable agreement with values given in ref. [30]; 6.2-7 vol 
% for Halon 1301 in propane-air mixtures, for experiments in bombs (5.6 - 7.9 1, spark 
ignition and 1 psi criterion). The inerting concentration increases with increasing spark 
energy, by about 20-30 % when the spark energy is increased from 0.7 to 144 J, in the 8-1 
bomb, if 1 psi is used as a combustion criterion. In addition, the concentration range which 
will give only a small pressure increase (below 0.3 atm, or 5 psi) in small bombs will be 
extended with increasing spark energy. In the 113 room scale tests (144 J), however, no 
pressure increase was recorded at an inerting concentration of 7 vol % although a pressure 
increase above 0.3 atm was registered in the 8-1 cube (144 J) with 7.0 and 7.5 vol % Halon 
1301. 

TABLE 3. Inerting concentrations 

Sphere, 56 Joule 

Cube, 0.7 Joule 

Cube, 36 Joule 

Cube, 144 Joule 

113 room, 144 Joule 

Halon 1301 

7.1-7.2 vol % 

6.0-6.5 vol % 

6.5 vol % 

8.0 vol % 

<7 vol % 

Halon 2400 

12.5-13.0 vol % 

15.0-15.5 vol % 

15.0-16.0 vol % 

Halon 3700 

11.0-11.5 vol % 



Discussion 

Video recordings give information on the flame area as a function of time, i.e. the burned 
volume. As shown in Figures 4 and 5 the flame shape is dominated by natural convection. 
It is known that the laminar burning velocity close to the extinction limit is small compared 
with convective currents and that the limits of flammability depend on the gravitational 
force [34]. Two different kinds of flame shapes are observed; the flame expands rapidly 
both in the vertical and horizontal directions as in Figure 4. or the flame expands more or 
less only in the vertical direction. The expansion in the horizontal direction depends mainly 
on the entrainment of air in the upward moving vortex ring (natural convection), as shown 
in Figure 5. The question seems to be where the flame is quenched. In a small bomb the 
flame is quenched when it reaches the top of the bomb, if the spark energy is high enough, 
as shown in Figure 5. In the 113 room test the flame is quenched by entrainment of cold 
gas mixtures (natural convection) at a distance approximately 0 - 0.6 m above the ignition 
source. Thus the use of a high ignition energy may heat and bum out a gas volume which 
will give a pressure increase above 0.068 atm (1 psi) in a small bomb but no measurable 
increase in a room scenario. An initial temperature increase of 250°C corresponds 
approximately to a 20 % widening of the flammability limits. 

The video recordings indicate that the burned gas volume is not reproducible for mixtures 
close to the inerting limit, due to the stochastic nature of the processes which precede the 
flame expansion, i.e. the spark channel (0-1 ps region), hydrodynamic puff ( 1 ps - 10 ps 
region) and flame kernel (10 ps - ms region) [36]. Other observations are that the burned 
volume varies with agent and that the spark power as a function of time is more important 
for the ignition process than the total energy stored in a capacitor [36]. 

CONCLUSIONS 

Tubular Burner tests provide a quantitative measure, the REMP value, of the extinction 
capacity for various streaming agents and a quantitative measure of the generation of toxic 
products during various stages of the extinction process. In general, a reasonably good 
correlation is obtained for streaming agents such as Halon 1211 and Halotron I with full- 
scale testing, however, more experiments are needed. 

The generation of fluorinated decomposition products is higher for the investigated 
replacement chemicals based on HFC and FC (by factors 6-10) compared with Halon 1301. 
The amount of thermal decomposition products formed shows a linear relationship with the 
extinguishing time and the rate of heat release, i.e. the amount of fuel burned during the 
extinguishing process. 

The combination of a relatively high spark energy, in combination with small bomb 
volumes, and a 1 psi combustion criterion overestimates the inerting concentration needed 
for room protection, and does not satisfy the demand for reproducibility. Video recordings, 
combined with pressure recordings, in larger volumes (>0.5m3) can provide better 
information on how to choose a combustion criterion and a spark energy level in smaller 
bombs. More large-scale experiments are needed. 
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