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Summary

In accordance with the Montreal Protocol, production of all Halon fire suppressants ceased
on the first of January 1994. FAR/JAR regulations require Halon 1211 or equivalent hand
extinguishers to be installed on transport category aircraft. Although there is a Halon ‘bank’,
a replacement agent will have to be found. The Aviation Authorities require that ‘no loss of
safety’ should occur if a replacement agent is used. One proven benefit provided by Halon
1211 is the ability to extinguish hidden fires by a total flooding effect. Therefore, it is
necessary to quantify the hidden fire extinguishing ability exhibited by Halon 1211.
Following an invitation for competitive tenders to develop a standard hidden fire test
protocol, the Civil Aviation Authority (CAA) awarded a contract to Kidde International
Research.

After some range-finding work, a suitable test fixture was devised. This test fixture
comprised arrays of four fires in two of five locations to establish in which regions an
extinguishing concentration had been attained. A matrix of 10 tests ensured that each fire
location was adequately represented.

Tests have been carried out with hand extinguishers from Walter Kidde, Kidde Thorn, First
Technology and Chubb. Results varied from 45% extinguishment to 60%, depending on the
quantity of Halon contained in the extinguisher, and the discharge rate (a faster discharge
rate creates more turbulence, aiding mixing and dispersion). In addition, tests were carried
out using under- and over-filled extinguishers to examine the sensitivity of the test method.
With the exception of the First Technology hand extinguisher, all results could be correlated
to the mass and mass of agent flow rate used. This device extinguished a significantly higher
percentage of fires than would be expected, based on its mass/mass flow rate
characteristics.

Limited testing was carried out with six Halon replacements: FM-200, FE-25, CEA-410,
CEA-614, FE-36 and Triodide, using apparatus designed to give a constant discharge time
(10%1 s). The results obtained appeared to be similar to Halon 1211 (50%£5%
extinguishment), provided the quantity of agent is scaled according to its n-heptane
cupburner concentration. The two exceptions are agents with markedly different volatilities
to Halon 1211 (b.p. —4°C): FE-25, b.p. —49°C, (65% extinguishment) and CEA-614, b.p.
+58°C (35% extinguishment).

Implications for the size and weight of a hand extinguisher, based on the results of these
tests, are for the physically acting agents, a weight penalty of 1.4 to 2.6, and a volume
penalty of 1.9 to 2.9. If Triodide is considered, there is a weight penalty of 1.06, and no
volume penalty. However, it should be borne in mind that any hand extinguisher, before it is
evaluated against hidden fires, will have had to have passed the traditional ratings (currently
UL 5B:C, BS 3A:34B) to be approved for aviation use.
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1.2

INTRODUCTION

Background

In accordance with the Copenhagen amendments to the Montreal Protocol [1],
production of Halon ceased in most countries on the first of January 1994.
Although there is a substantial ‘bank’ of both unused and recycled Halon 1211, a
replacement agent will eventually be required. A number of regulatory bodies,
including the Civil Aviation Authority (CAA), the Federal Aviation Administration
(FAA) and Transport Canada Aviation (TCA) formed the International Halon
Replacement Working Group (IHRWG) which meets regularly to co-ordinate
Halon-related issues. One recent task was the definition of an overall minimum
performance standard for hand extinguishers. Thus once a Halon 1211 benchmark
has been established, replacement agents can be evaluated against this, and the
introduction of replacements controlled so that there is no loss of safety. This
report describes one aspect of this minimum performance standard, the
development of a hidden fire challenge.

Use of Halon 1211 Hand Extinguishers Aboard Aircraft

FAR/JAR 25.851 (2] requires that Halon 1211 or equivalent hand held extinguishers
be installed on transport category aircraft. The regulation states that the type and
quantity of extinguishing agent (if other than Halon 1211) must be appropriate for
the kind of fires likely to occur where used.

These regulations had their origin with the requirement to mitigate the
arsonist/hijacking threat which was prevalent in the 1970s. The FAA Technical
Centre identified that Halon 1211 was vastly superior to the previously used CO,
and dry chemical extinguishers for protecting against flammable fluid fires on
typical seat materials.

Later it was noted that Halon 1211 hand extinguishers provided an additional
benefit by having the capacity to fight fires in locations that are hidden from the
cabin but nonetheless can be successfully extinguished from the cabin by flight
attendants using the agent’s total flood capability.

Fires have occurred behind cabin side walls, where the only access is by prising up
the edge of a panel and discharging an extinguisher. In these examples it may be
necessary for the extinguishant to travel up or down and/or across aircraft frames
in order to reach the fire. There have been other examples where the fire has
been below the floor in the relatively large and open cheek area between the
cargo bay and the fuselage skin. Halon 1211 has been discharged through the
floor level air grilles and averted what would have otherwise been a major
catastrophe.
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The US FAA Advisory Circular 20-42AC contains recommendations concerning the
use of Hand Extinguishers aboard aircraft. The following points apply to Halon 1211:

. minimum weight: 251D

*  minimum rating: UL 5B:C

*  minimum discharge time: 8s

*  minimum range: 3 m (10 ft)

*  may be equipped with discharge hose.

The Advisory Circular also gives details of requirements for Halon 1211 use in
cargo compartments and in ventilated/non-ventilated occupied areas.

The CAA Initiative

When the details of the proposed minimum performance standard were being
drawn up, it was decided that some means of quantifying the performance of
Halon 1211 against hidden fires was required. No existing fire challenge was
suitable, so a new one was proposed as shown in Figure 1.

Volume

/ , e Depth
/'//
e
o ﬁ ot s 20
Upper fire et
A !r{ | Extinguishant
g / - Entry at mid point
i /
| /\
Lower fire s
/ :
- Ml i
3 €y :
(\ / 5// Internal Baffles

\ Ventilation /

Figure 1 Hidden Fire Challenge Proposed by the CAA

The test fixture was to comprise two hidden fires, ‘high’ and ‘low’, a means of
observing extinction and sufficient ventilation to render the suppression
borderline. A criterion of 4 suppressions from 6 attempts was suggested.

As part of its contribution to the IHRWG, the CAA invited competitive tenders
from a number of research organisations in the United Kingdom to develop this
hidden fire test and evaluate replacement agents. Kidde International Research
were awarded the contract, 8D/S/00003 on 3rd March, 1995. This report presents
the results of the study.

o
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EXPERIMENTAL
Test Fixture
Initial Design

The initial design for the test fixture is shown in Figure 2.1. It was based on the
CAA initiative with some minor changes:

(1) The cross-section was changed from nominally square to a tall, thin
rectangle, to represent the proportions of a cheek area better.

(2) The centre baffle was replaced with a ‘stop-plate’ close to the agent injection
point, and two larger baffle plates halfway along the test article. This was to
prevent liquid agent impacting on the centre baffle, falling to the floor, and
spreading as a liquid film and subsequently vaporising in the vicinity of the
fires.

Stop Plate
(300 mm square)

g- i Acryllic
‘High’ é Sheet
Entry § Windows
Point §

Hand

Extinguisher

il

‘Mid*
Entry
Point

. L
Thermocouple \L_ -
=~ (500 mm)

Figure 2.1 Test Fixture, Initial Configuration

The test article was fabricated from 25 x 25 x 3 mm steel angle, clad in 0.9 mm
sheet steel. The dimensions of the test article are as follows: 2 m high, 2 m long,
0.5 m wide. One end panel was made from transparent plastic sheet to allow
observation and video recording of the tests. The agent was introduced into the
test article at one of two points, ‘high’ and ‘mid’, as shown in Figure 2.1. Several
combinations of baffle size were used, including no baffles whatsoever, high and
low both 0.5 m, and high 0.5 m, low 1.0 m.
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A total of nine tests were carried out in the initial test article. Results were
disappointing with extensive agent stratification occurring. Therefore the test
article was modified as described in the following section.

Variant 1

The initial test article had no provision for heating, and since the testing, which
was undertaken in an unheated building, commenced during the winter and early
spring months, the ambient temperature varied between 9° and 11°C.
Consequently, the test agent, Halon 1211, (bp —4°C) did not vaporise well. The
effect of initial ambient temperature is shown in Appendix I. Following
discussions with the CAA, it was decided to heat the test chamber. Therefore the
test article was modified as shown in Figure 2.2. Four strip heaters (275 W each)
were fixed to the outside of the test article, controlled by a CAL 9000 regulator,
employing a type K thermocouple located in the geometric centre of the test
chamber. Additionally, the test chamber was lagged with 18 mm polystyrene
sheeting, which was in turn clad with 12.5 mm chipboard for protection. This
allowed the air temperature of the test article to be controlled to 21 = 1°C.
Furthermore, the hand extinguisher was equilibrated in a water bath at 25 = 1°C
for a minimum of 15 minutes prior to discharge.

Stop Plate
(300 mm square)

r H Transparent
‘High” ; Viewing
Entry ; “ Windows
Point { {
{
1
{
i : Vent,
Hand } variable in
Extinguisher i size and
- position

N
Thermocouple \ﬁ_ \ Variable
Baffles

o (1 m/500 mm)
‘Heating Strips e, —— ]

—_—
RTINSV ARGV
SRR TR AR TR YA APEEAAASEERARITERAAERARAASTRAARRY

Figure 2.2 Test Fixture, Variant 1

A total of 28 tests were carried out with this first variant of the test fixture, using
only the ‘high’ agent entry point, as shown in Figure 2.2. The number and
position of the baffles plates along with the position and size of the ventilation
was varied to achieve the borderline extinction criterion sought by the CAA.
Following a progress meeting with the CAA, it was decided that two fires did not
give enough information, and so test article Variant 2 was created.

SN
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Variant 2

Variant 2 of the test article is shown in Figures 2.3 and 2.4. The two fires (‘high’ and
‘low”) were replaced by two arrays of four fires, giving eight equally spaced
vertically. The fires were reduced in size from 76 mm to 35 mm to keep the overall
heat output approximately constant, see Appendix II for details of the calculations.

Hand
Extinguisher

Stop Plate
(300 mm square)

Thermocouple
to measure
chamber

Additional
thermocouples
assess
stratification

Heating strips

1~

0 . AR \ . e
AR

N

Figure 2.3 Test Fixture, Variant 2 (Side Elevation)

Transparent acryllic
sheeting allows size
and position of vent
to be adjusted

8 small fires
to assess extent
of stratification

Figure 2.4 Test Fixture, Variant 2 (End Elevation)

Vent
variable in
size and
position

8 small fires
to assess
stratification

Baffles
(500 mm)
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As with Variant 1, only the ‘high’ agent entry point was used. Various
combinations of baffle plates and position/size of vents were investigated, with a
view to obtaining 6 suppressions out of 8 per test.

Following a second progress meeting with the CAA (with representatives from the
FAA and Transport Canada Aviation in attendance) the configuration of the test
article was changed again, giving rise to Variant 3. The reasons for these changes
are given in the following section.

Variant 3

Variant 3 reflects the experience gained with the earlier variants, in terms of size
and location of vents, and with respect to the size and location of the fires. It is
therefore a better representation of real hidden fire situations, as explained below.

The initial test article and the two subsequent variants offer a reasonable
representation of the below-deck cheek area of an aircraft. They do however
suffer from some significant draw-backs:

(1) None of them simulate the ‘infinite’ aspect of an aircraft cheek area.
(2) The initial test article does not simulate a fire behind a cabin side wall.

(3) Once the ‘high’ agent entry point had been chosen (Variants 1 and 2) the
ability to assess upwards dispersion and diffusion of the agent was lost.

(4) In real cheek and other hidden spaces, there is a considerable amount of
clutter, (ribs, cable runs etc). This aspect was lacking from the test article.

(5) By placing the vent(s) at the far end of the test article, a natural flow path
was set up (from left to right in Figures 2.2-2.3). The test did not
demonstrate the agent’s ability to extinguish fires off this natural flow path.

Figure 2.5 shows some of the possible locations for a hidden fire aboard an
aircraft, and the agent flows that might be required to effect suppression. The fire
locations, A through E, can be cross referenced to those in Variant 3, as shown in
Figure 2.6. The numbering of the fires in zones A through E is shown in
Figure 2.7.
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Figure 2.5 Hidden Fire Locations Aboard Aircraft
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Figure 2.6 Test Fixture, Variant 3

Therefore, in an attempt to remedy the situation, Variant 3 of the test article was

designed and built.

Transparent
Windows
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Figure 2.7 Test Fixture, Variant 3, Showing Fire Locations

The principal modifications embodied in Variant 3 are as follows:

ey

(2)

3

C))
5)

The agent entry point is now fixed at mid height.

The baffle plates have been removed and replaced with 3 perforated baffles
(67% obstruction, 33% hole area) which divide the test article into four zones
A-D. The lower half of Zone D is referred to as Zone E.

Attached to the perforated baffles are three solid ‘stop plates’ to prevent the
agent travelling across the test article as a liquid stream.

There are only two vents in the chamber as shown.

Four fires are placed in two of the zones, A, B, C, D, E , making a total of
eight fires per test. Typically, the zone combinations were A& B, B& C, C &
E, A& D and D & E. For the Halon 1211 baseline tests, each combination was
tested twice, for the replacement agents, each combination was tested once,
giving grand totals of 80 and 40 fires respectively.
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2.25

Hand Extinguishers Tested
Hand extinguishers from four manufacturers, Walter Kidde, Chubb, Kidde Thorn
and First Technology, were tested. Details of the hand extinguishers are given in

Table 2.1.

Table 2.1  Physical Characteristics of Hand Extinguishers Tested

Extinguisher Walter Kidde Chubb i First Kidde Thorn i |
| Technology

Height (mm) 430 375 ‘ 375 325

Max Diameter (mm) 83 ‘: 76 l 80 88

Weight Full (kg) 2135 i 1.645 ! 1.515% 2.040

Water Capacity (L) 1.64 ‘ 1.10 1.01 1.19

Headspace (L) 1.01 | 0.266 0.415 0.357

Charge (kg)** 1.14 1.50 1.14 1.50

Pressure (psi(g)) 100-130 ‘ 145 | 125 130 |

Pressure (bar) 6.9-9.0 10.0 8.6 9.0 |

Discharge Time(s) 9.2 ‘ 17.4 ‘ 9.4 9.8 i

Average Mass Flow { i |

Rate (kg s™) 0.123 | 0.085 ‘ 0.114 0.147

BS 5423 Rating N/A | 3A:34B |  3A:34B 3A:21B

UL 711 Rating 5B:C “ N/A N/A N/A }
! J

* Without Head
** Note: Agent charge is not the same as mass discharged.

Walter Kidde (WK)

This extinguisher was readily available at the start of the project and was used as a
benchmark or ‘standard’ throughout the majority of the testing, apart from when
the effect of hardware differences on performance were being sought. The
extinguisher was a WK 2.5 |b (1.14 kg) Halon 1211 extinguisher, nominally
pressurised to 130 psi(g). See Table 2.1.

Chubb

This extinguisher contained more Halon 1211 than the ‘standard’ WK
extinguisher, but it exhibited a longer discharge time and hence a lower mass flow
rate, see Table 2.1.

First Technology

The extinguishers supplied by First Technology were specially charged with 2.5 1b
(1.14 kg) Halon 1211, to allow ready comparison with the WK device. In terms of
mass flow rate, the First Technology is also closely matched with the WK
extinguisher, see Table 2.1.
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Kidde Thorn

In common with the Chubb extinguisher, the Kidde Thorn device had a nominal
Halon 1211 charge of 1.5 kg rather than the 1.14 kg of the WK extinguisher. It had
a similar discharge time to the WK device, implying a ~ 20% increase in mass flow
rate, see Table 2.1.

Apparatus Used for Halon Replacement Testing

The final aim of this research project was to test Halon replacement agents in
optimised hardware. During the course of the test work it became apparent that
no manufacturers had suitable extinguishers containing replacement agents
sufficiently well developed. The CAA did not wish to delay completion of study by
waiting for suitable hand extinguishers to be developed. Therefore, to establish
that the test protocol was equally suitable for testing Halon replacements, an
alternative approach was adopted. Apparatus was designed to allow discharging of
a number of agents at constant pressure, see Figure 2.8. By changing the limiting
orifice (A) the appropriate quantity of either Halon 1211 or a replacement agent
could be discharged in the time desired (10 %1 s). In order to ascertain that this
apparatus would give comparable results with the replacement agents, Halon 1211
was tested as a baseline agent. The ‘appropriate quantity’ of a replacement agent
was obtained by ratioing its #-heptane cup burner concentration to that of Halon
1211. Table 2.2 lists the agents tested, along with the amount required, the
limiting orifice used, and the discharge time obtained with that orifice. Further
details of the physical, environmental, toxicological and fire suppression
properties of the replacement agents are given in Appendix III.

Regulated nitrogen supply
l gives constant pressure

(130 psi(g)
¥
g Ball valve
-~ ‘L\
e T,
{ b
2.27 L vessel
e ndegof
Choice of orifice size TG etepiney
allows control of liquid i
discharge time (101 s)
\

el

?? e B3| valve
o
} Thermocouple allows
§
§

; accurate measurement
g A———_ of liquid discharge time

Figure 2.8 Apparatus for Discharging Agents at Constant Pressure
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2.3.1

2.3.2

Table 2.2 Halon Replacement Agent Requirements

Agent Heptane Cup burnerr  Required Mass Limiting Mean ;
Concentration, |Concentration Required Orifice Discharge i
(Ccup) (CREQ) . (MREQ) Diameter Time '
(Volume %) (Volume%) (kg) (mm) (s)
Halon 1211 | 35 a 8.4 1.14* 2.0 9.5
FM-200 5.8 ‘ 13.9 1.94 2.7 10.3
FE-25 9.1 17.9 2.14 37 10.8
FE-36 5.3 b2 1.58 2.6 96 |
1 ‘
CEA-410 55 b a1k 53 9.9
CEA-614 | 4.4 W0 b 2w 3.1 10.4
Triodide | 3.1 75 - 1.9 10.0

* Defined Quantity

The mass requirement for the replacement agents was calculated using the
following equations.
Ccup (Agent)

Craq(Agent) = Ccup (Halon)

X CREQ (Halon)

%
MpeQ(Agent) = Cgpo(Agent) X [CVL"“’”] x Mol. Wt. (Agent) x 10
M

Vchamber = 2 m’ Vyu = Volume occaupied by 1 mole of gas
(0.02445 m” at 25°C)

Mol. Wt. = Molecular weight of Agent in g/mol.
Other Apparatus
Video Recording

All tests were recorded on VHS video, allowing fire extinguishment times to be
checked. Two video cameras were used; a JVC GR-S77 and a Shibaden HV-16SU
CCTV camera which exhibited enhanced sensitivity in the infrared, making it
particularly suitable for the fires in zones A and B, which were furthest from the
cameras and partially obscured by the perforated baffles.

Temperature Measurement and Control

In an attempt to understand the stratification of the agent, a number of K-type
thermocouples were employed, the output being recorded by the data acquisition
system (see Section 2.3.4). The results were used to provide relevant input data
for the calculations detailed in Appendix I. Another thermocouple was also used
verify that the temperature of the test chamber was within the range 20-22°C.

11



233

23.4

As mentioned previously, a CAL 9000 controller and 4 x 275 W heaters could be
used to increase the temperature of the test article if required. On a number of
occasions, the ambient temperature rose above 25°C, so an enclosure was erected
around the test article and portable air conditioning unit used to bring the
temperature back within range. The enclosure was fabricated from 50 x 2.5 mm
wood laths clad in transparent polythene sheeting. It is recommended that any
future tests are carried out in a temperature controlled environment.

Gas Analysis

A Kidde International Infrared ‘Halonyser’ was used for measuring Halon 1211
concentrations simultaneously in up to 3 locations. Although gas analysis was not
included in the contract with the CAA, it proved invaluable in gaining an
understanding of agent concentration inhomogeneities (stratification) and also
allowed crude mass fluxes to be determined (see Section 4.1).

In addition to Halon concentration measurement, a Rosemount oxygen/carbon
monoxide/carbon dioxide analyser was used to investigate oxygen depletion, and
check that it was not influencing the fire suppression.

Data Acquisition System

Output from the gas analysers and the thermocouples was fed to a National
Instruments AT-M1016-F-5 high speed analogue-to-digital (A/D) board installed
in a 486 DX PC. The A/D board was controlled by National Instruments ‘Labview’
software running under Microsoft Windows. Raw data was converted to a
‘spreadsheet text file’ and imported into Microsoft Excel (v5.0) for subsequent
analysis and presentation. Figure 2.9 summarises in schematic form the data
acquisition system, including the temperature and gas analysis equipment.

1
Rosemount
Gas 4'
Analyser Halonyser 3
G, {C0 -ii IW] 2
5
coﬂ {pesssassessassersermssnssasened
1
3 — {\. .. ... b | 200 I G

N NN

Amplifier

CAL 9000
Regulator

PC Containing
DAQ Board

Figure 2.9 Schematic of Data Acquisition System
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24.1

2.4.2

2.5

Fire Sizing Experiments
n-Heptane Fires

Initially two 76 mm diameter fires were used in the test chamber. This size was
chosen as being large enough to resist being blown out, yet small enough to keep
oxygen depletion to a minimum. When the fire threat was changed to an array of
eight fires it was necessary to quantify the heat output of the 76 mm fires, so as to
be able to define the size of the eight replacement fires.

One of the fires was placed on an analytical top pan balance with a mass
resolution of = 0.01 g and then ignited. The rate of mass loss was then used to
calculate the heat output, knowing the calorific value of the n-heptane fuel. This
exercise was repeated using pans with a range of diameters, in order to find one
with a heat output of one quarter of the original fire. Appendix II includes the
results of the three fire tests used.

Paper Fires

When the fires using the alternative fuel were chosen, it was considered to be
important that they exhibited similar heat output characteristics. Shredded paper
in perforated cups was chosen as being representative of Class A, but with a
suitable heat output. As well as varying the diameter of the cups, it was found that
the packing density of the shredded paper had an effect on the burn time and
hence on the heat output. The results are given in Appendix II.

Test Procedure

The extinguisher was charged with the correct mass of agent on a balance with a
mass resolution of + 1g. The extinguisher was then equilibrated for a minimum of
15 minutes in a water bath temperature controlled to 25 = 0.1°C. During the
equilibration period the video equipment was set up and, if applicable, the gas
analysis/data acquisition system checked. The fire cups were placed in position
and 10 mL water and 5 mL »n-heptane added. The fires were lit and any access
panels closed. During the 60 s preburn period the video recorder was switched
on. After 60 s preburn, the extinguisher was activated and the number of fires
extinguished was noted. Any fire still burning 60 s after agent discharge was
classed as a failed suppression, and was extinguished manually. The test chamber
was thoroughly vented with a powerful extraction fan for at least 5 minutes to
ensure no agent was left in the chamber before the next test was undertaken.

13
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RESULTS
Halon Baseline Results
Initial Test Configuration

Appendix IV, Table 1 gives the results obtained using the initial test configuration.
As neither the agent nor the test chamber were heated, extensive stratification
occurred resulting in long extinguishment times for the upper fire. In extreme
cases an interface was observed between the cold, Halon-rich air in the lower
portion of the chamber and the hot smoke laden air in the upper portion of the
chamber. The upper fire was seen to be extinguished as soon as the Halon-rich air
reached it. When the chamber was heated (Tests 4 and 9) the upper fire was
extinguished in under 10 seconds. In order to eliminate variation in extinguishing
performance due to temperature, the test chamber was modified to Variant 1.

Variant 1

The results obtained using Variant 1 of the test fixture are given in Appendix IV,
Table 2. With no ventilation and the agent and the chamber maintained at 25°C
and 20°C respectively, both the upper and the lower fires were extinguished
rapidly and reliably.

Tests 10 and 11 were carried out with the internal baffles removed, and just the
stop plate between the hand extinguisher and the fires. Whilst the results are
essentially the same, (both fires extinguished, the lower one first, there is a
marked difference in the extinguishing times. There is no obvious reason for this
difference; it does however serve as a reminder that the turbulent dispersion of a

suppressant into an enclosure is a chaotic event, and occasional random results
can occur.

Tests 12-37 represent an attempt to fine-tune the test to achieve borderline
suppression and satisfy the CAA’s initial requirement of approximately 4
suppressions from 6 attempts. Both plates were initially 0.5 m high, and the
ventilation gap in the end panel was increased stepwise from 50 mm to 250 mm.
As both fires were still extinguished reliably, the lower baffle plate was increased
in height to 1.0 m with the result that the upper fire was no longer extinguished.
At this point a progress meeting was held and Variant 2 was adopted.

Variant 2

The results obtained with the array of 8 fires are given in Appendix IV, Table 3. The
results show that with mid-point ventilation, as shown in Figure 2.4, 6 out of the 8
fires are extinguished. With no ventilation 7 out of the 8 fires are extinguished,
and the height of the baffle does not make any difference. What was surprising

was that if the vent was placed at the bottom of the test chamber, all 8 fires were
then extinguished.

In addition, two tests were carried out in the absence of agent. Burn times of 4-5
minutes were obtained, after which the fires would not relight, implying they had
run out of fuel.

14
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Variant 3

The results obtained with Variant 3 are given in Appendix IV, Table 4. It is
extremely difficult to summarise extinguishing results for up to 8 fires in 14 tests,
so the reader is referred instead to Figure 3.1, where the results are presented
graphically. Note, this figure includes the results from all tests including those
where variations in ventilation were examined, so tabulating the extinguishing
results numerically would not be helpful. Instead, Figure 3.1 divides the test
fixture into three zones:

(1) Fires never extinguished.
(2) Fires sometimes extinguished.

(3) Fires always extinguished.

The factors affecting the extents of these three zones are discussed in Section 4.

& Fire Never
Extinguished

I Sometimes
H Extinguished

Fire Always
O Extinguished

(B A |

L=

P =
O B B O £ 3 ES

Zone of
Uncertain
Extinguishment

Figure 3.1 Summary of Initial Halon 1211 Results Using Variant 3

Sensitivity Tests

Baseline Results

In order to investigate the sensitivity of the test protocol to amount of agent,
pressure and type of hardware, it was necessary to quantify the performance of
the extinguisher under standard conditions. These were a charge of 2.5 Ib

(1.14 kg) Halon 1211, pressurised to 130 psi(g) (9.0 bar(g)) at 25°C.

Five tests were carried out in duplicate, using the following combinations of zones
in Variant 3 of the test article:

ZonesA&B,B&C,C&E,D&E,A&D.



The results are given in Appendix IV, Table 5 and are shown in Figure 3.2. In
summary, the WK extinguisher under standard conditions extinguished 36 out of a
possible 80 fires.

P , .
A7aBosa Co/a D o/4
2/4 0/4 0/4 0/4
i : No Extinguishment
4/4 0/4 0/4 0/4
4144714 SOM L DIR ol e
B Ae
Fires Always
Extinguished
4/4
4/4
4/4
ey O T

Total no. Fires Extinguished: 36/80 (45 %)
Figure 3.2 ‘Standard’ Halon 1211 Baseline Using Walter Kidde Extinguisher
3.2.2 Effect of 20% More Agent
The charge in the standard WK extinguisher was increased from 2.51b to 3 |b

(1.14 - 1.36 kg). This resulted in an additional 4 fires being extinguished, as
shown in Appendix IV, Table 6 and in Figure 3.3.

W
A/4Bosa Co/a P 0/4
4/4 0/4 : 0/4 0/4 No Extinguishment
4/4 0/4 0/4 0/4
4/4 4/4 : 3/4 ‘ 3/4 : LEJ):‘E:;I:II:hment
E 4/4 | Fires Always
Extinguished
4/4
4/4
4/4
= T R

Total no. Fires Extinguished: 40/80 (50%)
Figure 3.3 Effect of 20% More Agent
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323 Effect of 20% Less Agent

The charge in the standard WK was reduced to 2 lb (0.91 kg) and a further 10
tests were carried out. In this instance 32 out of a possible 80 fires were
extinguished, 4 fewer than the ‘standard’. The results are detailed in Appendix IV,
Table 7 and Figure 3.4.

A1/4Bosa Cosa P 0/4
3/4 0/4 0/4 0/4
4/4 0/4 .b 0/4 | 0/4 : No Extinguishment
4/4 474 , 0/4 0/4 e
b : G B o R B R e ¥ .H  Extinguishment
( £ 474
4/4 Fires Always
Extinguished
4/4
4/4
£ RN R A A

Total no. Fires Extinguished: 32/80 (40%)

Figure 3.4 Effect of 20% Less Agent

3.2.4 Effect of Higher Pressure

In order to probe the effect of a shorter discharge time, the pressure in the
extinguisher was increased from 130 to 220 psi(g) (15 bar(g)). This gave a mean
discharge time of 7.0 s, compared with 9.2 s for the extinguisher under standard
conditions. This resulted in 41 out of the 80 fires being extinguished, 5 more than
the ‘standard’. Appendix IV, Table 8 and Figure 3.5 summarise the results.
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3/4 0/4 0/4 0/4
4/4 0/4 0/4 0/4
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4/4

4/4

4/4
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Total no. Fires Extinguished: 41/80 (51%)
Figure 3.5 Effect of Higher Pressure

Effect of Lower Pressure

No Extinguishment

Uncertain
Extinguishment

Fires Always
Extinguished

The pressure was reduced from 130 psi(g) to 100 psi(g) (6.9 bar(g)), giving an
increased discharge time of 11.4 s, rather than 9.2 s, under the ‘standard’
conditions. This resulted in 32 out of a possible 80 extinctions, 4 fewer than those
under the ‘standard’ conditions. The results are summarised in Appendix IV,

Table 9 and Figure 3.6.

| e ey : ;
P/4Bosa Cora O o/4

2/4 0/4 0/4  0/4
4/4 0/4 0/4 0/4
4/4';» 3/4 , 2/4 1/4

w‘* E 4/4
| 4/4
L 474
474

Total no. Fires Extinguished: 32/80 (45%)

Figure 3.6 Effect of Lower Pressure
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Hardware Tests
Walter Kidde

The baseline tests for the sensitivity investigation were also used for the hardware
baseline tests. For reference, the extinguisher contained 2.5 1b (1.14 kg) Halon
1211, pressurised to 130 psi(g) (9.0 bar(g)) and had a mean discharge time of 9.2
s. A total of 36 out of the 80 fires were extinguished, see Appendix IV, Table 5 and
Figure 3.2.

Chubb Hand Extinguisher

This extinguisher contained 1.5 kg (3.3 1b) Halon 1211 pressurised to 145 psi(g)
(10 bar(g)) and had a mean discharge time of 17.4 s. A total of 40 out of 80
possible fires were extinguished as shown in Appendix IV, Table 10. Figure 3.7
presents the results pictorially, and it can be seen that basically the line dividing
extinguishment and non(extinguishment resides higher in the test chamber, as
would be expected if a greater quantity of Halon is used.

%/4Bosa Cosa D o/4

2/4 0/4 0/4 0/4
;: »j No Extinguishment
4/4 O0/4  0/4 0/4 N
4/4 4/4 4/4 4/4 Extinguishment
E 4/4
Fires Always
4/4 Extinguished
4/4
4/4

RTINS -
A T

B S A S

Total no. Fires Extinguished: 40/80 (50%)

Figure 3.7 Results Using Chubb Extinguisher

First Technology

Although this extinguisher exhibited similar fill characteristics to the WK device
(2.5 Ib (1.14 kg) Halon 1211, a pressure of 125 psi(g) (8.6 bar(g)) and a discharge
time of 9.4 s). A total of 47 out of 80 fires were extinguished, as detailed in
Appendix IV, Table 11. If Figure 3.8 is examined it can be seen that, unlike the
Chubb extinguisher, there is a more widespread zone of uncertain
extinguishment, as might be expected from a more turbulent discharge.
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Total no. Fires Extinguished: 47/80 (59%)

Figure 3.8 Results Using First Technology Extinguisher

334 Kidde Thorn

This extinguisher was charged with 1.5 kg (3.3 Ib) Halon 1211, pressurised to
130 psi(g) (9.0 bar(g)) and exhibited a comparatively rapid discharge of 9.8 s.
Consequently, it was not surprising that a total of 48 out of 80 fires were
extinguished. The detailed results can be found in Appendix IV, Table 12 and are
shown in Figure 3.9.

A1/4Bo/4 Cora®  os4

4/4 14 0/4 0/4 ek
4/4.2/4" 0/4 .- A& | sl
4/4, 4/4 . 4/4 4/4
E A4 Extinguished
4/4
474
4/4

ey Ay

Total no. Fires Extinguished: 48/80 (60%)

Figure 3.9 Results Using Kidde Thorn Extinguisher
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3.4.1

3.4.2

Halon Replacement Agent Results
Halon 1211 Baseline Calibration

The apparatus, charged with 2.5 Ib (1.14 kg) Halon 1211 and pressurised to
130 psi(g) (9.0 bar(g)), gave a mean discharge time of 9.5 s, with a 2.0 mm
diameter orifice. This was close to the ‘standard’ WK extinguisher discharge time
of 9.2 s. Using this apparatus a total of 19 out of 40 fires were extinguished, which
correlated well with the 36 out of 80 obtained previously with the WK device.
Therefore it is believed that the use of this apparatus is valid. For reference, the
results are summarised in Appendix IV, Table 13 and Figure 3.10.

A/2Bos2 Coi2 D os2

Aoz or2 072 or2 Pt
W22 072 A2 0/2 e
i : ; o W BE Extinguishment
¥ 1272, 2/2 | 272 2/2
g5 E 2/ 2 Fires Always
Extinguished
2/2
2/2
2/2

A R T R AR PO B A

Total no. Fires Extinguished: 19/40 (48%)

Figure 3.10 Halon 1211 Baseline Results Using Constant Pressure Apparatus

FE-25

Owing to the high vapour pressure of FE-25, no nitrogen pressurisation was
required, and with a 3.7 mm diameter orifice, 2.14 kg (4.72 Ib) was discharged in
10.8 s. This was within the specified discharge time of 10 = 1 s. A total of 26 out
of 40 fires were extinguished, which correlates well with the lower boiling point
and greater volatility of FE-25. The results are detailed in Appendix IV, Table 14
and Figure 3.11.
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Total no. Fires Extinguished: 26/40 (65%)

Figure 3.11 FE-25 Results Using Constant Pressure Apparatus

FM-200

With an orifice of 2.7 mm diameter and a charge of 1.94 kg (4.28 lb) a mean
discharge time of 10.3 s was obtained. A total of 22 out of 40 fires were
extinguished as detailed in Appendix IV, Table 15. As FM-200 is slightly more
volatile than Halon 1211, these results seem sensible.

Ao/2Bos2 Cos2 D or2
A 1272 072 0/2 0/2 Dr
i g/ainio e oy ol &
¥ 1272, 22 272 2/2 <
5 Cigel
2/2 | Exinguished
2/2
2/2

Total no. Fires Extinguished: 22/40 (55%)

Figure 3.12 FM-200 Results Using Constant Pressure Apparatus
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CEA—410

The apparatus, fitted with a 3.3 mm diameter orifice discharged 2.57 kg (5.66 1b)
of agent in 9.0 s. Although within the specified range, the orifice was changed in
subsequent tests to 3.1 mm diameter resulting in a discharge time of 10.2 s. Thus
the average discharge time was approximately 9.9 s. A total of 20 out of 40 fires
were extinguished. Full details of the results are given in Appendix IV, Table 16 and
are shown in Figure 3.13. Given the similar volatility of CEA-410 to Halon 1211,
these results appear reasonable.

A"/QBO/Z Co /2 D 0/2 No Extinguishment
A2 02 072 0/2
1272 072 o0r2 0/2
= - L A : 1 Uncertain
Lr 2/2 2/2 2/2 2/2 Extinguishment
= 2/2
2 / 2 Fires Always
Extinguished
2/2
2/2
, SN TS

Total no. Fires Extinguished: 20/40 (50%)

Figure 3.13 CEA-410 Results Using Constant Pressure Apparatus

CEA-614

With an orifice of 3.1 mm diameter and a charge of 2.92 kg (6.44 lb), a mean
discharge time of 10.4 s was obtained. A total of 14 out of the 40 fires were
extinguished, as would be expected, given the relatively high boiling point of this
agent. The results are detailed in Appendix IV, Table 17 and are shown in
Figure 3.14.
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Total no. Fires Extinguished: 14/40 (35%)
Figure 3.14 CEA-614 Results Using Constant Pressure Apparatus

3.4.6 FE-36

With an orifice of 2.6 mm diameter and a charge of 1.58 kg (3.48 Ib), a mean
discharge time of 9.6 s was obtained. A total of 20 out of 40 fires were
extinguished, broadly similar to CEA-410 and Halon 1211. Again, considering the
similarities in all three agent’s boiling points, these results appear consistent.
Appendix IV, Table 18 and Figure 3.15 summarise the results in detail.
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Total no. Fires Extinguished: 20/40 (50%)

Figure 3.15 FE-36 Results Using Constant Pressure Apparatus



3.4.7

Triodide

A nozzle orifice of 1.8 mm diameter resulted in a discharge time of 10.9 s, whereas
a 1.9 mm diameter orifice gave 9.8-9.9 s in the remaining tests. A charge of 1.20
kg (2.64 lb) Triodide extinguished 20 out of the 40 fires. This is possibly 1 or 2
fewer than might be expected, considering that Triodide has a similar boiling
point to FM-200 (-22.5°C vs —17°C) and FM-200 extinguished 22 out of the 40
fires. Appendix IV, Table 19 and Figure 3.16 detail the results.
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Figure 3.16 Triodide Results Using Constant Pressure Apparatus
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4.1.1

4.1.2

DISCUSSION
Initial Test Fixture and Variant 1
Effect of Temperature

As mentioned previously, poor agent vaporisation and extensive stratification
occurred in the initial test fixture. Basically there are three sources of heat
available to vaporise the Halon;

(1) The internal energy of the agent, as it is initially above normal boiling point.
(2) The energy contained in the air in the test chamber.

(3) The energy contained in the steel of the test chamber.

Initially the Halon flash evaporates, cooling the liquid to its normal boiling point.
Heat is also abstracted from the surrounding air, until that too is at, or near, the
agent’s boiling point. Liquid agent impacting the walls and base of the chamber
will also abstract heat from the steel. Simple thermodynamic calculations can be
used to predict the approximate contributions from each of these heat sources in
aiding agent vaporisation. A Microsoft Excel spreadsheet was used to predict the
quantity of agent vaporising under a range of initial temperature conditions. The
results are given in Appendix I, in the form of Table 1.1 and Figure 1.1. In summary,
if the initial test conditions (agent, air, chamber temperature) are 10°C then
0.44 kg of the Halon will evaporate, giving a concentration of 3.2 volume %
assuming homogenous mixing, which is not the case. This explains the long
extinction times observed for the upper fire.

Effect of Airflow/Ventilation

The initial test fixture exhibited almost no airflow, there being only one vent. The
two relatively small fires set up a weak convection current which eventually was
sufficient to entrain the cold Halon-rich air up to the level of the upper fire, thus
extinguishing it. Moving the agent entry point from ‘mid’ to the ‘high’ position
resulted in much more reliable extinguishment of the upper fire, especially when
the centre baffle plates were removed. Although the stop-plate prevented direct
impingement of the agent on the fire(s), they were obviously more accessible to
the agent. When Variant 1 was adopted, and the temperature of both the agent
and the test fixture were controlled, it was possible to probe the effect of airflow
and ventilation. The findings may be summarised as follows:

(1) With no ventilation and no obstructions, both fires were rapidly
extinguished.

(2) Adding 0.5 m baffles and a vent up to 200 mm high made very little
difference.

(3) Increasing the size of the lower baffle plate from 0.5 m to 1.0 m and
maintaining the vent size at 200 mm rendered the extinguishment of the
upper fire extremely uncertain (1 extinction in 5 tests).

However, at this point it was decided that these large step-changes in either
ventilation or size of baffle plate were not subtle enough to allow the test to be
fine-tuned to the CAA requirement of 4 suppressions from 6 attempts, and a
greater number of smaller fires was suggested.
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Variant 2

The use of 8 fires to evaluate agent dispersion/stratification initially seemed to be
the obvious solution. Varying the vent height and degree of obscuration allowed
either 6 or 7 out of 8 fires to be extinguished repeatably. Furthermore, with no
ventilation and a 1.0 m lower baffle, the extinction of the 7th fire was slow
(30-50 s) whereas if the lower baffle was reduced to 0.5 m, this fire was
extinguished more rapidly (approximately 11 s). There was, however, a flaw with
Variant 2, in that with the vent two-thirds of the way up the test chamber, larger
scale airflows were not present. When the vent was positioned at the bottom of
the chamber, all 8 fires were extinguished. Presumably this was due to the fact
that the convection plumes of the fires were better developed due to the
entrainment of fresh air from the lower vent. This improved convection
distributed the Halon 1211 more evenly, extiguishing all 8 fires. This improved
extinguishment was contrary to expectation, as it was assumed that more of the
Halon would leave the chamber via the lower vent.

Variant 3
Results Obtained with n-Heptane Fires

The reasoning behind the design of Variant 3 has been given in Section 2.1.4. The
position of the vents in this variant follows directly from the unexpected results
obtained using Variant 2; the importance of airflows has been clearly
demonstrated.

The initial range-finding tests carried out with Halon 1211 in Variant 3 gave the
following results:

(1) With the convective airflow set up by the fires, 1.14 kg (2.5 1b) Halon 1211
‘climbs’ up to 1 m above the injection point in sufficient quantity to
extinguish fires A1 — A3 with certainty, but the extinction of fire A4 is
uncertain. There is some evidence that if the other 4 fires are in Zone B, then
the updraught is stronger, and fire A4 is more likely to be extinguished.

(2) On examining the extinction times for fires A1, A2 and A3 concern was
expressed that these fires were blown out rather than extinguished by
conventional means. Experiments were carried out where the extinguisher
was filled with water to simulate the volume occupied by the Halon, and then
pressurised with air. Air was chosen so as to be able to differentiate between
extinguishment assisted by nitrogen and the flame being blown out by purely
physical means. None of the fires was extinguished, (not even Al), so it
appears that under the normal test conditions the fires are not blown out but
extinguished, albeit perhaps with some aerodynamic assistance. This
phenomenon has been noted previously [3].

To assess the extent of this aerodynamic assistance the Halonysers were set up in

Zone A, sampling at the same heights as the fires A2, A3 and A4. Typical measured
Halon 1211 concentrations are given in Table 4.1.
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Table 4.1 Halonyser Results for n-Heptane Fires in Zone A

| |

Test Fire Location Maximum Halon 1211 ‘ Extinction Time |

‘ Concentration (s)
(Volume %)

154 i A2 1.9 ‘ 0.3

154 A3 | 1.3 | 1.1
154 | A4 0.8 | 1.6
156 A2 1.7 | 0.8
156 | A3 | 1.4 | 1.0
156 | A4 1.0 | 15

3

4

5)

The Halon concentration-time plots are included in Appendix V for
reference. It can be seen that the fires are extinguished long before the
Halon 1211 concentration reaches the peak value given in Table 4.1. This
confirms the fact that the extinguishment is aerodynamically assisted to a
large extent.

Very few fires in Zones B and C were extinguished. It would appear that the
percentage open area of the baffles (33%) is not sufficient to permit
unimpeded dispersion of the agent through the baffle. Whether this figure is
a realistic representation of the clutter between the structural ribs is open to
question. Unfortunately, during this test program there was neither the time
nor the resource to investigate alternative baffles with a different percentage
open area.

Looking at the extinguishment times it seems likely that sometimes fire B1 is
extinguished quickly by agent passing through the first baffle, whereas on
other occasions it is extinguished several sections later, by Halon rising up
Zone B as the test chamber gradually fills up.

Fire C1 in contrast is always extinguished slowly, presumably because
diffusion through a second baffle occurs so slowly that the Halon can find an
easier route. This is summarised in Figure 4.1, where the main flow
directions have been identified, with considerable assistance from the gas
analysis results.
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Figure 4.1 Flow of Suppressant

(6) The fires in Zone D are the most difficult to extinguish, being high up, the
furthest away from the point of agent entry and also considerably off the
natural flow path, see Figure 4.1.

(7) In contrast, the fires in Zone E are always extinguished — owing to the fact
that despite conditioning the agent prior to discharge and maintaining the
chamber at 20°C, stratification still occurs. This was confirmed by the
Halonyser results, see Appendix V.

Sensitivity Analysis
Amount of Agent/Effect of Pressure
Tables 4.2 and 4.3 summarise the results obtained with the WK extinguisher under

different fill conditions, along with the results obtained with the results from the
other three manufacturers’ extinguishers for z-heptane fires.



Table 4.2 Summary of Hand Extinguisher Discharge Characteristics

Extinguisher Mean Mean ‘ Mass Flow Normalised Normalised
| Details Agent Discharge | Rate Mass |  Mass Flow |
: Mass (kg) Time (s) | (kgs) Rate
| WK 2lb, 0.91 6.4 0.142 0.8 ‘ 115
| 130 psi(g) |
WK ‘standard’ 1.14 9.2 0.123 1 1 ‘
= | |
| WK 3lb, 1.36 13.0 0.105 1.2 085 |
130 psi(g) ;
| |
WK 2.5 Ib, 1.14 ? 1.4 0.100 1 0.81
100 psi(g)
WK 2.5lb, 1.14 ‘ 7.0 0.162 3 132
220 psi(g)
|
! 5
First Technology 1.07 9.4 3 0.114 0.95 0:.93 T
| Chubb 1.47 17.4 ‘ 0.085 1.29 0.69 1
| | |
|
Kidde Thorn 1.44 9.8 ‘ 0.147 1.26 1 1.20 ’

Table 4.3 Summary of Hand Extinguisher Results for n-Heptane Fires

1 Extinguisher Zone | Zone | Zone | Zone | Zone Total ‘ Percentage

Details A B € D E Number of Extinguished

Fires ;
Extinguished ‘
| WK 2lb, L e 0 0 16 32 40
| 130 psi(g) ‘ ‘
| WK ‘standard’ 1 4 3 2 16 36 45

WK 3lb, 14 4 3 3 1.8 40 50

130 psi(g) | 1
| WK 2.5 Ib, 103 2 1 16 24 40 ‘
| 100 psi(g) ‘ ‘
| WK 25lb, 1 o e 4 4 16 41 51
| 220 psi(g)

First Technology 15 6 4 6 16 47 i 59 ‘
| ‘ ‘ |
[ [ 5 5 |
| Chubb 12 4 4 4 16 40 ‘ 50 ‘

Kidde Thorn 16 7 4 5 16 | 48 ; 60
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4.4.2

In order to investigate the effect of mass of agent and the mass flow rate into the
chamber both of these values are ratioed against those obtained with the WK
extinguisher under ‘standard’ conditions (2.5 lb, 130 psi(g)). These ‘normalised’
values are used to produce Figure 4.2, where each set of the results from the tests
are plotted according to the normalised mass and mass flow rate, along with the
percentage of n-heptane fires extinguished. This plot shows that in general terms
the test is equally sensitive to the effect of mass and mass flow rate.

Normalised Mass Flow Rate

1.4

N WK (220psi) "\ @O
.35 = W 5\15 1. \“ e &,
i iy S o
i b S e 5.9 Kidde Thorn
e N\, S )
e Wk i) e 6‘0\ \S@ aoaskex:
40% Bxl. % e
2 \'.v\, \ '-\“ N . \_
< TWK Std b X
L 0. 46%°Ex1. N N
est Jech , = 595
3 # 5 L5
. e \e-f_," B WK, (310}
WK {100psi) R 50% Xt
0.8 = 4 5 40% ;\( N\ ~ b
....... & ol g % .
0.7 -~ *Contour” fines of Equal N L% %t&{:b |
Percentage Extinguishment 3 N ; i
0.6 : ] i i o :
0.7 0.8 0.9 1 1.1 1.2 1S 1.4

Normalised Mass

# Note Anomalous Performance of First Technology Extinguisher

Figure 4.2 Effect of Mass and Mass Flow Rate

The contour lines in Figure 4.2 indicate equivalent extinguishing performance,
where an increase in agent mass could be offset by a decrease in mass flow rate to
keep extinguishing performance constant. Alternatively, ‘contour lines’ can be
crossed, by increasing both mass and mass flow rate allowing a higher percentage
of fires to be extinguished.

Effect of Different Manufacturers’ Hardware

The results from the three additional manufacturers’ extinguishers are also
included in Figure 4.2. If Table 4.2 is examined it can be seen that the discharge
time of the Chubb Extinguisher is almost double that of the other three. Not only
was the discharge long, it exhibited considerable variation from test to test,
probably due to slightly different amounts of nitrogen over-pressure. This
variation in discharge time leads to a variation in mass flow rate and hence
turbulence in the test chamber. As outlined in a previous section, the
extinguishment of fires in Zone A depends on turbulence to distribute the agent
satisfactorily. The Chubb tests where excessively long (2 20 s) discharge times
were observed were repeated and, not surprisingly, more fires in Zone A were
extinguished. Therefore the results presented for the Chubb extinguisher should
be treated with caution, as they are ‘optimised’ to some extent. Nevertheless, the
Chubb and Kidde Thorn extinguishers fit on the overall extinguishing profile very
well in terms of extinguishing the percentage of fires that would be expected,
based on their mass/mass flow characteristics.

i



4.4.3

4.5.2

However, the extinguisher supplied by First Technology extinguished 59% of the
n-heptane fires whereas the WK extinguisher (which has similar mass/mass flow
characteristics) extinguished 45% of the n-heptane fires. It was noted that the
discharge of agent from the First Technology extinguisher, seemed inherently
turbulent. This turbulent discharge gave better dispersion of Halon 1211 in the
test chamber, extinguishing a greater proportion of fires.

Defining a Minimum Performance Standard

In this study a range of hand extinguishers (1 of US origin, 3 of UK origin) and fill
conditions have been evaluated. The question of how to set minimum
performance criteria arises. If the lowest performing extinguisher is judged to be
the standard, then subsequent designs with replacement agents will be based on
this minimum, and the average would fall. This would contravene the regulatory
authorities requirement that “no loss of safety should occur”. Therefore, the mean
performance of the extinguishers tested should constitute the minimum
performance criteria. Based on the results for the 4 hand extinguishers tested,
this would be 54% extinguishment. Currently there is a bias towards UK
extinguishers, which could be balanced by further test work using extinguishers
from other geographical sources, (eg US, Europe).

Results Obtained with Constant Pressure Apparatus
Halon 1211: Comparison with Standard WK Extinguisher Results

The results obtained with the constant pressure apparatus agree closely with the
WK baseline results (48% suppression vs 45%). This is to be expected as the
pressure and discharge time (and hence the mass flow rate) were closely
matched. One explanation for the slight improvement in performance (in reality,
one extra suppression in 40 attempts), might be that the pressure was maintained
at 130 psi(g) by regulator, rather than falling during the discharge.

Effect of Agent Volatility

As the quantity of each of the Halon replacement agents used was directly related
to its n-heptane cup burner concentration, variations due to intrinsic agent
efficiency were effectively cancelled out. Therefore, all other things being equal,
all agents employed in the same manner should extinguish the same number of
fires. To a first approximation this is the case, considering the small number of
tests carried out. With exception of one extremely volatile agent (FE-25) and one
agent of lower volatility (CEA-614) all agents extinguished 20 * 2 fires. A 10%
error margin is perfectly acceptable considering the range of permissible
discharge times (10=*1 s). Figure 4.3 plots percentage of fires extinguished against
agent boiling point, and the correlation is reasonable. In fact, if the results for
CEA-410 and FE-36 (bp for both agents —2°C) are examined in detail, it can be
seen that the results are identical, not just in the numbers of fires extinguished,
but also the patterns of extinguishment are the same. Triodide also extinguished
50% of the fires, but in a slightly different pattern.
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Percentage of Fires Extinguished
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Figure 4.3 Effect of Agent Volatility
Relative Performance of Replacement Agents

The relative performance of the agents is summarised in Table 4.4 and Figures
4.4-4.5. Figure 4.4 is a histogram showing the mass of each of the six replacement
agents, along with the percentage of the fires extinguished. This figure highlights
the difference between the five physically acting agents and the two chemically
acting agents (Halon 1211 and Triodide). On average the mass required is twice
that of Halon 1211, whereas with Triodide, only 6% extra mass is required. Figure
4.5 plots a similar histogram on a liquid volume basis. Interestingly, much of the
variation between the replacement agents has been removed. This is because the
more volatile agents, of lower molecular weight, which tend to perform better, are
typically less dense. The volume requirements range from 1.88 x Halon 1211
(FE-36) to 2.90 x Halon 1211 (FE-25). Only Triodide is comparable to Halon 1211,
and due to its higher density, actually has a reduced volume requirement.

Table 4.4: Relative Performance of Replacement Agents for n-Heptane Fires

Agent ‘ Mass Used ; Volume . Relative Relative Percentage \
‘ (kg) 5 Required ‘ Mass Volume of n-Heptane |
} ‘ L | Fires
‘ Extinguished ‘
| |
|
Halon 1211 ] 1.14 | 0.61 ‘ 1 1 48
FM-200 1.94 1 1.36 1.7 2.22 55
T T 1
FE-25 fe-214 | & 179 1.88 2.90 65 J
[ I
CEA-410 1 257 | 1.69 ‘ 2.26 2.76 50 }
CEA-614 2.92 | 174 L i 2.84 35 |
FE-36 \‘ 1.58 1 145 1 339 1.88 50 5
: | 1 5
Triodide 1.20 | 0.51 1 1.06 0.83 50 1
35



Mass Used/kg

38 .
(48) = Percentage of Fires Extinguished |
35)
e |
(50) i
25 - :
i (65)
(55)
2 F
(50)
: (48) (50) 1
1 . {
| |
i {
0.5 i
i | |
0 i, { i i ‘ ¢ i : $ i S T |
H1211 Triodide FE36 FM200 FE25 CEA410 CEA614
Figure 4.4: Agent Ranking by Weight
Volume of Agent /L
2.5 5
1 (48) = Percentage of Fires Extinguished
‘\
2
| (35) (65) ‘
(50) — |
{ [ | 1 l
15 b 5) el B
{ |
|
E (50) | | ; |
! {
[ | | |
o gy t il bt |
\ ' i o]
e e d ] ) |
g (50) » | ' '
05 i ; b ] E | | ‘ } ! | |
'1 ' jre) b ] e | : . i
B e { | \ ‘ 5 b ! |
0 ] i i | | L { ! 1 1 l’ 1 | L 4 58
H1211 Triodide FE36 FM200 CEA410 CEA614 FE25

Figure 4.5: Agent Ranking by Liquid Volume

45.4 Hand Extinguisher Size Implications

If a physically acting agent is chosen, the size of the hand extinguisher is likely to
be 2-3 times that of the current Halon 1211 hand extinguisher. This is based on
the liquid volume of agent, and the fact that the headspace will also need to be
increased to provide satisfactory discharge characteristics. If a chemically acting
agent is chosen, then the size of the extinguisher need not necessarily be
increased. However, it must be borne in mind that any hand extinguisher
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4.6

4.6.1

4.6.2

4.6.3

containing a replacement agent will still have to have obtained conventional
ratings (currently UL 5B:C or BS 3A:34B for a 2.5 lb Halon 1211 hand
extinguisher). It is likely that this rating will determine the size of the
extinguisher, rather than the hidden fire challenge.

Results Obtained With Paper Fires
General Observations

The small paper fires exhibited much lower luminosity than the z-heptane fires
and could only be observed (by eye and by the cameras) when in Zones D and E.
In the two tests carried out, 6 out of 8 fires were extinguished in terms of gas
phase combustion but one or two continued to smoulder, i.e. they exhibited true
Class A behaviour. Halon suppressants in general require higher concentrations to
either suppress, or more likely, control such fires [4,5].

Results Obtained With Different Manufacturers’ Hand Extinguishers

The results obtained using the different manufacturer’s extinguishers are
summarised in Table 4.5, along with the corresponding results for n-heptane in
Zones D and E. The results indicate that in broad terms, extinguishment of these

small paper fires is easier than that of the n-heptane fires.

Table 4.5: Summary of Hand Extinguisher Results for Paper Fires

Extinguisher Percentage of Fires Extinguished

_. Paper n-Heptane*
Walter Kidde 25 “ (12/16) 56 (9/16)
Chubb 81 (1316) | 63 (10/16)
First Technology 88 ‘ (1416) | 63 (10/16)
Kidde Thorn 81 (13/16) i 63 (10716)

* Zones D and E only
Results Obtained With Replacement Agents
The paper fire extinguishment results are summarised in Table 4.6, along with the
corresponding results for n-heptane in Zones D and E. As with the Halon 1211

results, the extinguishment of these small paper fires appears slightly easier than
n-heptane fires in some cases, although the difference is less marked.
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Table 4.6 Summary of Halon Replacement Agent Results for Paper Fires

Agent

Halon 1211
FE-25
FM-200
CEA-410
CEA-614
FE-36

Triodide

* Zones D and E only

75

75

63

p i

75

63

88

Percentage of Fires Extinguished

Paper

(6/8)
(6/8)
(5/8)
(6/8)
(6/8)
(5/8)

(7/8)

36

7o

75

63

63

50

63

63

n-Heptane*

(6/8)
(6/8)
(5/8)
(5/8)
(4/8)
(5/8)

(5/8)



> CONCLUSIONS

A fire challenge has been developed which is suitable for evaluating the
performance of hand-held extinguishers against hidden fires, such as those that
can occur aboard aircraft. An outline of a possible draft test procedure is given in
Appendix VI. It is envisaged that this hidden fire test will be used in conjunction
with current Class A and Class B fire tests to define the minimum performance
standard for hand held extinguishers containing Halon replacement agents. This
is in order that the change to replacement agents be effected with no loss in
safety over the levels provided by current hand extinguishers containing Halon
1211,

el Validity of the Test Method

(1) The test procedure and test equipment has been shown to simulate hidden
fires such as those that can occur below the floor in the cheek area and in
the cabin behind side wall panels.

(2) The tests have been undertaken with both n-heptane fuel and shredded
paper (of equivalent fire load). Since n-heptane fires are somewhat more
difficult to suppress, it is concluded that, in future, evaluation tests could be
limited to these.

(3) The test procedure and equipment appears to show equal sensitivity to the
mass of agent used and to the rate of its deployment.

(4) Four different types of hand extinguisher (three of UK manufacture and one
from the USA) containing Halon 1211 have been trialled against the
procedure. Under standard conditions, the average proportion of n-heptane
fires suppressed was 54%, actual values ranging from 45 to 60%. If there is to
be no loss of safety, some form of average value should be used as the
minimum performance standard. However, since three out of the four
extinguisher types tested were of UK origin, it would be prudent to extend
the testing to hand extinguishers manufactured in other countries, especially
the USA, in order to achieve a better definition of the minimum performance
standard.

e Replacement Agent Performance

(1) Six different replacement agents were tested against the hidden fire
challenge. Using an amount of each agent based on its intrinsic fire
suppression capability, the relative performance of the six agents correlated
well with agent volatility. Thus the procedure can be used along with other
tests to evaluate the performance of hand extinguishers containing
replacement agents against a Halon 1211 benchmark.

(2) There are likely to be significant weight and volume penalties in choosing
physically acting Halon replacement agents. These penalties may be reduced
or eliminated if a chemically acting agent is found acceptable.
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Appendix I

Effect of Ambient Temperature

The table below shows the mass of Halon 1211 likely to evaporate under various ambient
temperature conditions, and two different initial agent temperatures. Also given in the Table
is a predicted Halon concentration assuming homogeneous distribution.

Table 1.1 Effect of Initial Temperature on Anticipated Halon 1211 Concentration

Initial Agent Temperature

|
10°C | 25°C
Initial Ambient Evaporating i Halon Concentration | Evaporating Halon Concentration|
Temperature (°C) Mass (kg) \ (Vol %) ass (kg) Vol %)
|
0 0.193 | 13 | 0.304 2.1
L |
| 5 | 0.316 | 2.2 | 0.431 3.0
10 f 0.435 | 3.1 0.554 3.9
155 Q 0.551 3.9 0.674 4.8
| 20 ' 0.663 4.8 ‘ 0.791 5.7
! 25 0.774 S ‘ 0.905 6.7 i
Halon 1211 Concentration/Vol %
5 Lo
o
6 -
o "
R = X
4+ = X
3 s 3 s
B 4
28
.
i 1 i i H
0o 5 10 15 20 25 30

Agent at 10°C o3

Figure 1.1

Ambient Temperature /°C

Agent at 20°C

Effect of Agent/Chamber Temperature

22






Appendix II Heat Output Calculations

A sample calculation for a 60 mm cup is shown below, and the relevant results for the three
fire threats used are given in Table II.1.

Diameter of cup = 60 mm

Fire Area = 2830 mm’

Mean Mass Loss = 0.020g s

Heat of Combustion of #-heptane = 444k g’

Heat Output per Fire = 44.44x0.020
= 0.89 kW

Total Heat Output (8 fires) = 7.1kW

Table Il.1 Heat Output Results

Case Two large n-Heptane Eight n-Heptane Fires Eight Paper Fires

Fires in Variant 1 Variants 2 & 3 Variants 2 & 3
Fb Duiter bt Tk e | 80
Fire Aréa (7mrr.12) | Wv45470%7 7 T 962 R 5030
Mears;rea/rlrass Lossﬂ B 3.267x 107 i A 7.73x 107 | 1.87 x 1072

Rate over 60 s (g s ’1)

Heat of Combustion of 44 .4 44 .4 17.6

Fuel (kJ/g)

Heat Output of Single 1.45 0.34 0.33
Fire (kW)

Total Heat Output (kW) 29 20 2.6

Note: The ‘Total Heat Output’ values given above do not allow for losses due to volatilisation and conduction
to the fire container. However, as it is the relative values that are of interest, these losses can be neglected.
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Appendix IV Fire Extinguishment Results
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Appendix V  Gas Analysis Results

Volume %

Figure V.1

Volume % Halon 1211
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Figure V.2 Halonyser Results: Test 110A (0.91 kg Halon 1211, 130 psi(g))

63




3.5

i i i

| = —

3

N T e R R e R

" R

Volume % Halon 1211
N

Location: D between fires 1 & 2

Location: E between fires 3 & 4

Location: Bottom Vent

0.5 b

erityt ‘A
":'""".'f‘l‘ ' ., VV ’

l

, ‘,‘Mr l“\le n"mma‘-

14
-} \ ¥
= | £ TN 0 2
Py g |
i »* . v e {
| . J\,., __________________________________________ " ¢

Figure V.3 Halonyser Results: Test 120A (1.14 kg Halon 1211, 130 psi(g))
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Figure V.4 Halonyser Results: Test 130 (1.36 kg Halon 1211, 130 psi(g))
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Figure V.6 Halonyser Results: Test 149 (1.14 kg Halon 1211, 100 psi(g))

65



15

Volume % Halon 1211

...................................

...................

- Location: A3

Location: A2

.............

: i ‘%" ml, Y A AA G

-

30 35 40

Time /s

o 60 65 70

Figure V.7 Halonyser Results: Test 154 (1.14 kg Halon 1211, 220 psi(g))
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Figure V.8 Halonyser Results: Test 156 (1.36 kg Halon 1211, 130 psi(g))
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Appendix VI Proposed Draft Test Standard

TEST FIXTURE

The test fixture shall be 2 = 0.050 m high, 2 = 0.050 m long and 0.5 = 0.025 m
wide, fabricated from 0.9 = 0.1 mm sheet steel, as shown in Figure VI.1 (see also
Figures 2.5 & 2.7 for reference). The temperature within the test fixture shall be
maintained at 21 = 1°C (70 £ 2°F). The agent shall be introduced through a hole
positioned centrally in one of the end walls of the test chamber. The internal
baffles shall comprise 33% hole area, and shall occupy the upper half of the test
fixture, adjacent to the end wall through which the agent is injected. The baffle
plates shall extend to the side walls and the roof. The spacing between the baffle
plates shall be not less than 0.300 mm and not more than 0.350 m (refer to Figure
VI.1). The solid ‘stop’ plates shall be 0.300 = 0.025 m, centrally aligned with the
agent injection point. Transparent plastic windows will be placed either at one
end, or along one side of the test fixture to allow observation (or preferably video
recording) of fire extinction times.

FIRE THREATS

The n-heptane fire cups shall be 35 = 2 mm in diameter, and are positioned in
two arrays of four as shown in Figure VI.1. The fire cups shall be charged with 5 =+
1 mL n-heptane, floated on 10 = 2 mL water. The trays for the paper fires shall be
made from the same perforated material as the baffle plates, and shall be 80
+ 5 mm in diameter, 60 = 5 mm deep. The fire load shall be 8 = 0.1 g shredded
white 80 g.s.m. copier paper, dosed with 1 + 0.1 mL »n-heptane to aid ignition.

TEST PROCEDURE

The extinguisher is charged with the agent then equilibrated at 25°C for a
minimum of 15 minutes in a temperature controlled water bath. The fires are
positioned in the correct zones, charged with water and »n-heptane and ignited.
Any access doors or windows are closed at this time. A pre-burn of 60 seconds is
allowed, after which the agent is discharged. The discharge time and the fire
extinction times shall be noted. Any fires remaining alight 60 seconds after
discharge are classed as failed suppressions, and are to be extinguished manually.
The chamber should then be thoroughly vented to remove both the acrid
decomposition products and traces of agent which might otherwise affect the
outcome of the following test. A suggested test matrix is outlined below:
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Test No Fires in Locations

A&B
A&B
B&C
B&C
A&D
A&D
C&E
C&E
D&E
0 D&E

~] O\ W BN =

= \O OO

Thus each location is tested four times, in two different configurations.

PRESENTATION OF RESULTS

For each fire location the aggregate number of successful and failed suppressions
shall be plotted in a figure similar to 3.2. The overall percentage extinguishment
for n-heptane fires shall be calculated and compared to the minimum
performance standard, which is yet to be defined.

68



e N8 HY  idarcus SMRE330 IR 2
WOG* ONYH YYD § IUD IR SREUALY w.ﬂﬂwmmw_ wwu.ﬁ :

L

oy

T4l NG 05

AB G okdY

WA M) SNCISNMYG

. ¢80 SR} BAI Y URPPIN w1y - - -
i inid ] w»:u uﬁwv.: - GELYAS ISINNIG S6 /7 B / L2 auve 3
TS MIGVISIN ONCILYHBIINL 30" i : -

Al 5 5 149 MASCT BILERNA' ¥ +8 ved .e..ﬁlf.uz

HOWV3

SUOfI Bl

L'IA einbi4

)

2 ONOODWARY] BMRUGTETY)

4 /

RARITOH HELZ % :\,

A

niai

LB

a488t

Sl
NA

B1f yReuS
19835 pesjunajng
AVIyl wwer g

\

\ paaoqd; ¥l
\ NOIYyL w2y

UEIIRACT AP 0 IO 3
m SMQpUiMY XBdRsRg

a4
"
o
; 3
LT x S— ’ d
RE§ g
2134
.a..um..
3 e SR
L2t \.\ i
BYN-LIB "ON 34 Bjusuotwng < gty .\\.\
wa jnand) juas Bap ag //
e NOYid LT8 ¥ & BE)0H Wi : V4
EOD JEE ¥ #3408 PRITUA4ARY /4

Qe

(U YOINSUT )

\.
suBsh3Sh] g~

) wosf @) Ouy

¥31yy wagy URIE x WNISE x UWGZ
2 30 IEE
HOGT ONVH'YYD  ugne ononwma

171 b gl b _ 8 |

AR A R BRI e

69



70



UOIIIS JOMOT ‘E JUeLIBA  Z'IIA d31B|d uonas saddn ‘g Juelep  LUJIA @1e|d

¥4

Photographs

Appendix VII







:

Plate VII.3 35 mm n-Heptane Fire and Support

Plate VI.4 80 mm Paper Fire and Support
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