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Abstract

Defence Research and Development Canada - Atlantic is currently under a project arrangement with
Sweden and Holland to investigate new or emerging fire suppression technologies in naval applications.
One possible outcome of this project arrangement could be the identification of a safe and effective Halon
1301 replacement suppression agent within the respective navies. The subject area Canada has agreed to
investigate is aerosol fire extinguishing agent technologies. Although aerosols have been shown to be
effective in suppressing demonstration fires, to date there has been little systematic scientific research into
fire suppression using aerosol particulates. Therefore, there is a need for more in depth investigation of
some of the commercial aerosol products available on the market to determine their fire suppression
efficacy in naval applications, as well as any potential negative impacts that the aerosol may have on
personnel, equipment and the environment. Aerosol suppression systems range from small handheld
grenade extinguishers to large fitted and remotely activated aerosol dispersal units. The fire research and
testing presented in this thesis looks specifically at the efficacy and safe use of two variants of the small
handheld aerosol extinguishers, while also assessing aerosol agent suppression technologies overall.

The Royal Canadian Navy (RCN) currently uses a two tiered response to fire, consisting of first
response by a Rapid Response Team (RRT), followed by full response by an Attack Team (AT). A Rapid
Attack Team (RAT) has been introduced as an intermediate response team. To enhance efficiency of the
RRTs or RATs, handheld aerosol units, in this evaluation the Dry Sprinkler Powder Aerosol (DSPA) and
StatX fire knock down aerosol extinguishers, could potentially be stored throughout the ship or
transported by the teams to a fire scene and used to control, suppress or even extinguish a fire prior to the
AT arriving on the scene, particularly in the case of smaller enclosure fires. To fully evaluate their
potential for use in this capacity, it is important to carefully study the suppression efficacy of these units
under conditions similar to those in which they would be deployed, as well as to better understand their
impact on a fire environment in terms of important parameters such as compartment temperature
reduction, visibility, oxygen concentration, aerosol particulate dwell time, and toxicity. In terms of
operational issues related to deployment of these pyrotechnic tools onboard RCN vessels, it is critical to
assess the requirements for extinguisher safe storage and to gain an understanding of the incendiary
potential of the units, as well as post suppression overhaul, smoke/agent clearing and compartment gas
free certification.

The thesis includes a description of the experimental design, measurement techniques, and key
results and conclusions for each of the 26 full-scale simulated marine enclosure live fire tests that were
conducted. In general, handheld aerosol extinguishers have proven to be effective for fire control and
even suppression under certain circumstances. They can improve the fire safety of RCN vessels when
used correctly. Experimental data measured that relate to the consequences of accidental discharge and
incendiary potential can also be used to ensure naval applications are safe and effective.
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1 Introduction

Fire safety and battle damage control in Royal Canadian Navy (RCN) warships is a complex and
immensely important issue due to their peacetime and wartime roles in Canadian and international waters
on behalf of the Government of Canada (GOC). Operational warships must be designed to enter into a
threat environment whereby an enemy may attempt to inflict deliberate harm and damage. Fire safety
design considerations then must cover both the requirements for safe peacetime transit as well as quite
different requirements for combat. In one sense fire protection systems on warships are similar to those
on merchant marine vessels in that they must be designed to prevent or suppress fires during peacetime
operations so that damage and casualties are minimized and the mission can continue. The standards and
certification criteria currently utilized for merchant marine vessels come from the International Maritime
Organization (IMO) and various unified Classification Societies and are largely based around the
requirements for Escape, Evacuation and Rescue (EER) and rarely consider fires and damage by
deliberate attack. In addition to meeting fire safety requirements for peacetime operations, however, the
fire protection systems on warships must be designed to mitigate fire damage and casualties as a result of
a deliberate attack in a naval threat environment, allowing the vessel and crew to continue to float, fight
and move until the mission is complete. In today’s asymmetric threat environment the enemy is less
predictable and less well known, requiring warships to adopt higher levels of force protection postures
and awareness at all times in homeport, foreign port and at sea. Therefore, the fire safety and battle
damage control capability onboard modern warships are critical, directly linked with operational
capability and survivability of the vessel and therefore with a nation’s ability to exert a naval influence
anywhere in the world.

Warship survivability for fire must consider both peacetime and wartime fire scenarios and
include design criteria for fire prevention, fire detection, fire suppression, and smoke and hot gas control.
The various types of compartments in warships include but are not limited to storage rooms, electronics
spaces, machinery rooms, ammunition magazines, food preparation (galley and pantries), dining halls
(messes), workshops, accommodations, and manned operations rooms such as the Machinery Control
Room (MCR). The peacetime fire scenarios will typically be due to equipment and electrical failures,
human error or negligence, and collisions. In contrast, wartime fire scenarios can be a result of missiles,
torpedoes, mines, bombs, rockets, and gunfire.

Extinguishing and suppression systems currently in use by the RCN employ many different
agents, including Halon, Aqueous Film Forming Foam (AFFF), carbon dioxide inert gas, fine water mist,
Karbaloy dry chemical, Sapphire halocarbon gas, and low pressure water sprinklers. Depending on the
application, the systems are either fixed within a compartment as ‘fitted’ fire protection systems or are
used in portable systems that can be moved to various locations on the vessel and deployed as necessary.
In addition to having fire protection systems of various kinds, warships are also compartmentalized for
watertight and gastight integrity. This often allows for oxygen starvation of the fire by confinement of the
fire to an airtight compartment, which aids in suppression and even extinguishment of a fire. Confinement
in warships also depends on whether there have been breaches to a compartment caused by enemy fire.
In this context then, it is of interest to understand not only the efficiency of various fire suppression
agents with respect to their possible use in fitted or portable systems, but also to investigate the effects of
full or partial fire compartment confinement on the efficiency of a given fire suppression system.



Selection of warship fire suppression systems is further complicated by other factors related to the
quite different concepts of deployment in peacetime and wartime. In addition to consideration of
efficiency of fire suppression in fully and partially confined compartments, factors such as crew size, ease
of automation, ratio of weight to relative extinguishing power, impact on the environment, toxicity to
personnel, damage and/or corrosiveness to equipment, and cost of installation and maintenance must also
be considered. There is seldom a single perfect system for use in a given compartment in modern
warships and therefore new technologies are continuously evaluated to understand trade-offs in
performance via qualitative and quantitative data from relevant and dependable sources. New agents for
commercial applications form potential candidates, but these must be assessed from a military perspective
to determine whether or not they are suitable for naval applications. For this reason, Defence Research
and Development Canada —Atlantic (DRDC(A)) has partnered with Dutch and Swedish allies to conduct
research into, and systematically assess and evaluate, new and emerging fire suppression technologies for
naval applications. It is anticipated that some of these technologies will become potential candidates for
upgrading current systems and for installation in future platforms within the respective navies.

In one application, new fire suppression technologies are being investigated for current vessels in
the RCN mainly for the purpose of identifying a safe and effective replacement to Halon 1301, which is
still used extensively for fire protection of machinery, electrical, and occupied operations compartments
in frigates, destroyers and resupply tankers. Halon 1301 is an effective total flood gas suppression agent
that does not displace oxygen. Primary and reserve banks of compressed Halon are stored in tanks outside
designated spaces onboard ship. The gas is released either automatically upon heat and smoke alarms,
remotely from the damage control headquarters, locally from a toggle switch outside the designated
spaces, or manually by opening the valves on the storage tanks themselves. While efficient for fire
suppression, Halon systems are expensive to maintain through life and Halon gas has a very high ozone
depletion potential. According to the Montreal Protocol, an international treaty to protect the ozone layer,
Halon production was banned in January 1994 due to its environmental impact as a greenhouse gas and
an ozone depleting substance. Merchant vessels utilising Halon 1301 were legislated to retrofit
replacement suppression systems by the December 2003 [1]. The RCN was permitted to continue to use
Halon 1301 since the safety of sailors, the protection of naval assets and naval mission success outweigh
the negative environmental impacts; however, as good environmental stewards the RCN is committed to
finding a suitable retrofit alternative.

Research into new fire suppression technologies is also being conducted by the RCN with
respect to major recapitalization efforts which will see replacement of the aging fleet of destroyers,
frigates and replenishment ships. Technology, automation and crewing philosophy currently in use in the
fleet will be 30 to 60 years outdated by the time the existing vessels are replaced. This presents an
opportunity to leverage new technology whilst also reducing crew task loading throughout the ships.
Automation and technology can reduce operator task loading for all seamanship and naval warfare
evolutions, including battle damage control. With this opportunity comes a great challenge in integrating
the optimum suppression agent technology and automated fire detection and protection systems and
overcoming deep rooted cultural resistance to ensure the warships of tomorrow can have better damage
control capability even if they have fewer sailors. This drives a need for additional investigation into new
candidate fire suppression methods.

There are numerous new fire suppression technologies available that are marketed as safe Halon
1301 alternatives effective against all classes of fire in all types of marine compartments. They include



but are not limited to halocarbon gas flooding agents similar to Halon 1301 but with fewer of the chlorine
and bromine atoms that are responsible for ozone depletion, as well as high pressure water mist systems,
compressed-air-foam generators, and aerosol generators [2]. One relatively new fire suppression
technology, and the one that DRDC(A) has agreed to evaluate, is aerosol agents for fire suppression.
These may be utilised either as handheld fire knock down extinguishers or as a remote fitted systems and
are potentially scalable to any volume of compartment. The aerosol agents suppress fires in a similar way
to larger particle dry chemical systems such as Purple K and in that sense their efficacy is fairly well
understood even if the exact mechanisms of suppression are not. Aerosols essentially consist of smaller
particles of sodium or potassium bicarbonate dry chemical extinguishing agent. In fact, some listings
refer to aerosol suppression agents as Micro-K [3]; however, there are aspects of new generation aerosol
fire suppression agents that require further investigation. One area of major interest for naval applications
relates to the generation, dispersion and settling dynamics of the aerosol agents in a given volume or
compartment. Others relate to the incendiary potential of aerosol generation and protocols required for
post suppression overhaul, as well as smoke/agent clearing from the fire compartment. At present,
published data in the literature does not fully justify the safety and efficiency of aerosol systems for naval
applications, prompting the need for further investigation into these areas.

There are both theoretical and analytical methods by which to predict fire environments and the
suppression efficacy of a particular agent or system. In general such techniques are limited by the
assumptions and simplifications required to keep a particular analysis or model tractable. At the present
time, there is really no substitute for live fire testing in terms of determining the efficacy of any
suppression agent against a fire environment. Of course, this first requires an understanding of the fire
scenarios against which the agent must work. Also, the key to the experiments is to ensure that the
simulated fires challenge the suppression technology in meaningful and valid ways, allowing key
performance criteria such as upper gas layer cooling, effect on compartment temperature, and impact on
thermal stratification to be measured. It is this challenge that is to be addressed in the experimental design
for the present research.

There are so many fire scenarios possible for a modern warship that it becomes difficult to
develop universal evaluation criteria for new or emerging fire suppression technologies. Added to this,
the enemy of the next four decades is relatively unknown so fire scenarios will continue to change.
Finally, pressures to reduce the total cost of ownership (TOC) of warships are expected to grow and since
personnel costs account for almost 50% of a ship’s Operations and Maintenance (O&M) funding [4], it is
expected that, similar to the United States Navy (USN), there will be significant pressure to reduce future
crew sizes by up to 40% [5] [6].

Fewer crew members means there are fewer damage control personnel for firefighting. At the
same time, the complexity of future ships is expected to increase. Therefore, the gap between smaller
crews and the same or better battle damage control capability will need to be filled with the right
combination of automated fire detection and suppression systems and firefighting strategies. In terms of
strategy, the Royal Canadian Navy (RCN) currently uses a two tiered response to fire, consisting of first
response by a Rapid Response Team (RRT), followed by full response by an Attack Team (AT). A Rapid
Attack Team (RAT) has been introduced as an intermediate response team. The future role of this team in
fire control will become more critical as crew sizes decrease and thus must be considered in an
overarching assessment of future fire suppression technologies. One way to enhance the efficiency of the
RRTs or RATs would be to locate handheld extinguishers at various key locations throughout the ship or



transport the units to a fire scene for use to control, suppress or even extinguish a fire prior to the AT
arriving on the scene. New handheld aerosol suppression units are a candidate technology that needs to be
accurately assessed and evaluated for such rapid battle damage control.

Since it is difficult to predetermine all the possible fire scenarios in a naval warship, one starting
point is to define the most likely and/or the most dangerous scenarios that might occur. Fire statistics for
naval vessels, however, are not publically available. Based on the peacetime role of warships, though, it
is reasonable to consider the statistics from merchant vessels. ~ The Transport Safety Board (TSB) of
Canada has tracked marine incidents in Canadian waters over the last ten years. The total number of
marine incidents reported by TSB has trended downward from 485 to 322 between 2002 and 2011;
however the number of incidents due to fire or explosion has remained at about 55 per year on average [7]
despite an increase in awareness of fire prevention and fire safety onboard vessels. Det Norske Veritas
(DNV), a major international marine classification society, recently published a report on marine fire
statistics showing that almost two thirds of fires on cargo vessels originate in the engine room as shown in
Figure 1-1 [1], while the remainder occur in the cargo spaces and accommodations. The report further
breaks down the origin of fire in the engine rooms, associating the cause to be oil leakage, hot work
accidents, electrical failure, component failure, and boiler incidents as shown in Figure 1-2 [1].
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Figure 1-1. Statistical Breakdown of Fire and Explosion Locations in Merchant Cargo Vessels Reported
by DNV.
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Figure 1-2. Origin and Cause Breakdown of Engine Room Fires Reported by DNV.

From these statistics, it is practical to consider engine room fires due to oil leakage as a ‘most
likely’ marine fire scenario against which to evaluate a fire suppression agent. A warship machinery
space can be massive, containing propulsion engine enclosures, transmission gearing and shafting,
ancillary equipment, machinery control and signal conditioning cabinets, program logic control modules,
electrical power generators, air/exhaust ducting (trunking), gangways and ladders. The amount of marine
distillate fuel being pumped into the main gas turbine engines of an RCN destroyer at full power can
exceed 600 ¢/min. To burn this amount of fuel, the intake and exhaust systems need to move a
stoichiometric equivalent volume of air and combustion gases. Therefore, the marine machinery space
has the potential to present a significant challenge to a fire suppression system. For use of aerosol
systems in this application, then, determination of the efficacy of the aerosol suppression method against
a Class B, or liquid fuel fire, is essential. The types of Class B fires that might be envisaged include
three-dimensional spray fires from fuel line ruptures, pool fires, bilge fires, and obstructed versions of the
latter two when a fire occurs under a machinery enclosure. Since modern machinery spaces also include
sophisticated platform management systems (PMS) for integrated machinery control and health
monitoring, they must also be considered sensitive electronics spaces, meaning the impact of a
suppression system on critical electronic equipment must also be investigated.

The second largest cause of fires on merchant vessels was in the cargo space. Warships do not
typically have large cargo spaces so such fires are not considered here. Warships do, however, have crew
sizes that are normally ten times those on commercial vessels, meaning accommodation spaces, the last
reported fire source reported in DNV, should be a concern for suppression systems on a naval vessel.
Accommodations spaces onboard warships contain mainly Class A fuels (solid combustible) so aerosol
fire suppression agents should have good performance against Class A fuels in order to quickly minimize
damage due to fire, smoke and hot toxic gases in accommodation fire scenarios.



There have been several tests and evaluations conducted using both fitted and handheld aerosol
extinguishers that have helped to understand some aspects of their safe use on board ship as well as their
suppression efficiency against both Class A and Class B fire loads for marine applications [8] [9] [10].
The compendium of results publically available on these tests leaves several key questions and concerns
unanswered. For example, while there are visual accounts of the suppression of fires with aerosols, there
is no data reported on actual or effective rates of cooling of the fire compartment. Similarly, the effects of
compartment ventilation on the light aerosol particles has not been well studied, nor have key issues such
as the relative contribution of the aerosol addition versus oxygen starvation when aerosols are discharged
followed by confinement of the fire room. Finally, issues relating to safe use and storage of aerosol units
on naval vessels as well as potential toxicity and corrosiveness of the aerosol agent and its residue have
not been addressed. Many of these issues and concerns form the objectives of the present research on
evaluation of aerosol systems for naval fire scenarios. Before outlining these objectives, though,
summaries of the three main studies already conducted on aerosols by the Department/Ministry of
Defence in Canada, the UK, and the Netherlands, and a fourth test conducted by an aerosol manufacturer,
Fireway LLC, are provided to put the limitations of the existing information on aerosol agent suppression
into further context.

In the winter of 2006, The Canadian Forces Fire Marshal’s (CFFM) office conducted a test using
the DSPS-5 knockdown tool, which is a handheld pyrotechnic aerosol extinguisher rated for use in a 60
m’ compartment. The test utilised three fire scenarios in compartment sizes of 25 m’, 36 m’, and 126 m’
respectively. The fuel used for each scenario was hay bales and wood cribs. The first test simulated a
basement fire in the 25 m’ room, where a DSPA-5 unit was activated after a 5 min 48 sec pre-burn. No
compartment temperatures were recorded during this test, but it was noted that the unit knocked down the
flames and the smoldering embers were extinguished with water 8 minutes after the start of the
experiment. The 36 m’ scenario was only to measure a relative amount of water required to suppress a
hay and wood crib fire. For the third scenario, a DSPA-5 unit was activated in a 126 m’ test room, which
is double the volume for which the unit is designed and rated. Temperature readings were taken from one
source at four stages during the test, but it is not clear how or where the data was collected. The remarks
for this scenario state that the DSPA-5 suppressed the flames but did not extinguish the fire. The CFFM
noted in his report that this test was not an in-depth trial and that further testing should be conducted on
such units. With only two units tested against different scenarios on a -15°C winter’s day, with no
characterization of the fire environment before or during suppression, and with suppression assessed
largely on a visual basis, the true efficacy of the DSPA-5 was not fully determined in a repeatable or
scientific manner. The test report does give expert accounts of the impact of the aerosol particles on
visibility within the compartment. Normally a casualty can be seen under the smoke layer without a
thermal imaging camera (TIC), but after aerosol activation the environment was fully obscured and a TIC
was found essential for casualty rescue [11]. Further research building from this preliminary testing with
Class A fuels should also include study of aerosol suppression of marine fire scenarios involving Class B
fires, in a fully instrumented and characterized burn room, to obtain repeatable results of suppression
efficacy. Impact of aerosol particulate on visibility within a compartment could be further investigated
through examination of aerosol dispersion in compartments with and without fires present.

In 2010, the Royal Netherlands Navy (RNN) conducted four tests of the DSPA-5 in land-based
replica marine enclosures using both Class A (wood) and Class B (low heat oil) fuel sources [12]. Similar



to the CFFM tests described above, the burn rooms were not well instrumented and therefore did not
provide a clear picture of changes in the fire environment during suppression testing. Some temperature
measurements were taken by a firefighter thermal imaging camera (TIC) within the compartment but it is
not clear which surface temperature was actually measured. Based on the reported results, none of the
compartment temperatures exceeded 250°C prior to suppression; however it is difficult to ascertain an
accurate compartment temperature from a TIC source. Also, the volumes of the compartments and the
ventilation or leakage were not noted, making it difficult to understand the concentration of aerosol used
or other important details of each scenario. The test report does provide good observational evidence of
the success of DSPA-5 aerosol extinguishers against simulated marine fires in burn rooms of marine
architecture, so from that respect provides valuable evidence in support of their use in naval applications.

The Royal Navy (RN) has been investigating aerosol fire suppression agents for use in the Type
45 Destroyer. This vessel is based on a fully integrated electric/electronic propulsion platform which has
precipitated the move towards non-water based suppression systems [8]. Testing was conducted by the
RN to evaluate the Ansul Micro-K pyrotechnic aerosol extinguishing agent for a marine machinery space
and for gas turbine (GT) enclosures [9]. The large machinery space testing was conducted in accordance
with the IMO MSC Circular 1007, which provides guidelines for the approval of fixed aerosol
suppression systems similar to gas suppression systems in marine machinery spaces [13]. The GT
enclosure tests were conducted in a purpose built apparatus to simulate something similar to a WR21 GT
enclosure, including enclosure ventilation dampers. Cold discharge tests on the fitted aerosol systems
within the IMO enclosure provided data on temperature and pressure increase within the compartment
due to the pyrotechnic aerosol generation devices used in the systems under test. They also allowed for
some qualitative assessments of deposition of aerosol residue on surfaces within the enclosure.
Suppression tests in both the large marine machinery space and the GT enclosure tests met with varying
levels of success. In most cases, failure to suppress test fires was attributed to compartment leakage and
lack of ventilation control, which highlighted the importance of ventilation during use of aerosols to
suppress fires. While the IMO protocol does specify design fires and size of enclosure, it does not specify
thermal properties of the enclosure or the key aspects of the fire environment that must be established
prior to suppression. These factors, along with enclosure leakage, will greatly affect the relative fire
suppression challenge faced by an aerosol agent. Test to test variations in any of these factors will also
make repeatable and comparative evaluation of fire suppression efficiency a challenge. Therefore, the
somewhat qualitative information obtained from these tests provided limited data with respect to key
issues such as the interaction between ventilation and aerosol agents, or the impact of aerosol particles on
the compartment fire environment during and after discharge.

Fireway LLC conducted testing on their StatX 500E fitted pyrotechnic aerosol generators against
simulated marine fire scenarios in an un-insulated 20 foot (6 m) ISO container [10]. These tests were
designed to utilise similar fire loads as those specified for the large-scale IMO MSC/CIRC 1007 protocol,
scaled to suit a 35 m’ volume versus a 500 m’ volume. The fires included open pool fires, hidden pool
fires, tell telltale cans, and wood cribs. For each test conducted, the fires were allowed to grow, well
ventilated, for a prescribed pre-burn period before the compartment was fully confined and the aerosol
units were activated. There were 14 thermocouples installed in the compartment that show the upper gas
layer temperatures exceeding 500°C prior to suppression for the Class B tests but only 114°C for the wood
crib test. While these tests did provide more data than those previously outlined, it should be noted that



ISO containers are very well sealed, meaning that closing the door effectively confined the fire and
starved it of oxygen immediately prior to aerosol activation. At the same time, the compartment was not
well insulated so it is difficult, if not impossible, to discern the relative effect of through wall heat transfer
or oxygen starvation of the fire versus that due to aerosol agent interaction with the fire and the
compartment fire environment. Since full confinement may not always be possible in a warship due to
compartment breach, the effects of ventilation on aerosol suppression need to be considered in future
testing. In addition, tests should be conducted in which the fires are starved of oxygen by confining the
compartment and not activating the aerosol suppression system. These data can then be compared to data
that include compartment confinement and aerosol suppression to deduce the relative benefit or added
suppression effect due to the aerosol particles.

In summary, the current research related to the evaluation of aerosol fire suppression technologies
was derived from a base determination and understanding of the RCN need to improve fire survivability
in current and future ships by the safest, most efficient method. Live fire testing and evaluation criteria
for aerosols were developed from that need along with a requirement to design/develop accurate,
repeatable, and well instrumented experiments commensurate with probable peacetime and wartime fire
scenarios. The focus within the proposed test scenarios centred on key aspects of suppression efficacy
and safety that have not been fully and completely investigated during testing by other defence, academic,
and industry organizations. Due to the many possible situations that might be encountered on board navy
ships, this broad direction was further refined to focus mainly on handheld aerosol technology.

1.1 Research Objectives

The primary objective of this research is to scientifically evaluate the fire suppression efficacy of two
variants of handheld pyrotechnic aerosol extinguishers against simulated, repeatable, marine fire
scenarios. This objective is met by setting up and characterizing an instrumented single fire compartment
experiment with fuel loading and ventilation parameters set to produce a consistent and repeatable fully
developed fire environment. Live fire suppression tests are conducted to evaluate key suppression
parameters such as upper gas layer cooling rate, impact on thermal stratification, and total compartment
cooling effect. Secondary objectives of the research relate to safety and safe storage of the
pyrotechnically activated aerosol units, as well as the impact of evolved gases and aerosol particulate
deposition on equipment. These are addressed respectively through dedicated tests to evaluate safe
storage and incendiary potential of the units and via agent only (or cold compartment discharge) tests in
the compartment. While the testing is designed to evaluate handheld aerosol extinguishers, the analysis,
conclusions and recommendations pertain to the broader subject of pyrotechnically generated aerosol
agents in general, both as possible Halon 1301 replacement agents or as may be scaled to suit multiple
marine, and other similar fire, applications.

The next chapter of this thesis provides background information from the literature on aerosol
suppression technology in general, followed by information more specific to pyrotechnic aerosol devices.
In Chapters 3 and 4, the experimental design and techniques developed to test two variants of handheld
aerosol extinguishers are also outlined in detail. Following this key test results are presented and
discussed in Chapter 5 with conclusions and recommendations related to fire suppression using
pyrotechnically generated aerosol agents summarized in chapter 9.



2 Aerosol Agent Suppression Background and Theory

An aerosol refers to a system of micron sized liquid or solid particles suspended in a gaseous medium.
Several common aerosols include fumes, smoke, mists, fog and haze [14]. It is important to appreciate
that there are several different classes of physical fire suppressants, such as fine water mist, that can be
considered aerosols by definition. For the purpose of this thesis, the aerosol fire suppressants under
investigation are those formed of micron-sized alkali metal salts such as potassium carbonate [15]. Alkali
metal salts, in particular sodium and potassium bicarbonate, have been used as fire suppressants since at
least the early 1940s. The first NFPA standard on them was issued in 1955 [15]. Their suppression
efficacy has, therefore, been appreciated for many decades. During the 1980s to the present, attention and
research efforts into aerosol fire suppression have focused on micron-sized alkali metal salts suspended
and delivered to the fire environment in a gaseous medium, as the inverse relationship between particle
size and suppression efficacy has been better understood [16]. Another reason for recent attention given
to alkali metal salt aerosol extinguishers is that they are a relatively inexpensive technology [17] and have
been identified by several organizations such as the United States Environmental Protection Agency as
safe and suitable substitutes for Halon 1301 [3].

Aecrosol fire suppression systems are marketed as environmentally friendly agents that do not
displace oxygen from the compartment during suppression, although they do cause a minor oxygen
dilution [10] [18]. Published data indicates they have an ozone depletion index of zero and produce
minute amounts of greenhouse gas emissions [19]. It has also been shown in some experimental results
that aerosol agents are non-toxic and are considered safe for use in normally unoccupied spaces, while
certification for use in occupied spaces is still pending [20]. Additionally, some basic studies have
demonstrated that aerosol agents are non-corrosive against materials such as copper 110, bronze 905, steel
1010, stainless steel 303, Aluminum 6061, galvanized steel, PC board (epoxy), nylon, PVC, and tin [21]
[22]. It is from this basis that further background and theory of aerosol extinguishing agents was
conducted and is reported in this Chapter.

In general, aerosol extinguishers do not cool the fire or fire environment as much as is the case
during water suppression and they do not separate the fuel from the air as do foam agents. Instead, they
achieve fire suppression by slowing the chemical reaction within the burning regions. Aerosols agents
have been shown to suppress all classes of fire with varying degrees of effectiveness. They are least
effective against Class A fires, and especially materials that char, as they are not as effective as foam or
water at penetrating any unburned materials and reaching the deep burning embers [23]. Thus, while
aerosols can knock down the flames in Class A fires, fire overhaul with water is normally still required to
completely extinguish the fire.

There are typically three methods of delivering the aerosol suppression agent to the fire
compartment: 1) piping in and dispersing prefabricated micron particles using a powerful ventilator such
as a compressed inert gas system, 2) discharging, pulverizing and propelling prefabricated micron
particles through a nozzle by an impulse generated from a small pyrotechnic charge, and 3) generating
condensed micron particles in place through the thermal decomposition of a solid fuel tablet. The first
method is typically referred to as a powder aerosol system, the second as a propelled aerosol system and



the latter referred to as either pyrotechnically generated aerosol, encapsulated micron aerosol agent
(EMAA) or condensed aerosol systems. There are advantages and disadvantages to all methods. For
example, method 1, powder aerosols, require most of the same piping, nozzles and compressed gas
cylinders as halocarbon or inert gas drenching systems, which are expensive to procure, install and
maintain through service life. For methods 1 and 2, powder and propelled aerosols, production of the
micron sized particles of potassium based agent is an expensive process and the particles tend to
agglomerate in their storage canisters over time, reducing the reliability of the systems [24]. Pyrotechnic
aerosol suppression agents (method 3) produce a large amount of heat during thermal decomposition of
the solid fuel. Hot gases and, in some cases, flames that are ejected from the canisters during aerosol
generation can be a significant thermal hazard [24]. Since the handheld units of interest in this research
are based on pyrotechnically generated aerosols, generation of these agents, suppression mechanism, as
well as some advantages and disadvantages of the technology are discussed in more detail in the
following sections.

2.1 Pyrotechnically Generated Aerosol Suppression Agent

Pyrotechnically generated aerosols are produced by the combustion or thermal decomposition of a
hermetically sealed solid active compound containing inorganic oxidizers and salts, and an organic or
inorganic combustible that normally also serves as a binder [25]. The aerosol extinguisher canister
basically contains solid rocket fuel that is thermally ignited by pyrotechnic fuse or resistive element and
the products of the thermal decomposition process are the actual fire suppression aerosol agents [2].
There are numerous combinations of compounds currently in use to produce alkali metal-based aerosols
for fire suppression. In most cases, the active compounds use an oxidizer that is either the nitrate or
perchlorate of either sodium or potassium, while the fuel is an organic polymer [26]. Potassium based
oxidizers have been shown experimentally to have a higher suppression efficacy [24] and are therefore
more commonly used in the pyrotechnic compositions. Examples of the oxidizers in use include
potassium nitrate, KNQO;, potassium perchlorate, KCIO,, and potassium chloride, KCI1 [25]. The fuel or
combustible is typically a phenolic, polyester or epoxy resin [26].

Once the solid compound is ignited, the oxidizer reacts with the fuel and binder. This reaction is
highly exothermic and produces alkali metal salts in gaseous form. These later cool and condense into
extremely fine solid particles with a 1 pm mean diameter [26] suspended in product gases. The product
gases are inorganic, including nitrogen, N,, carbon dioxide, CO,, and water vapour, H,O. Depending on
the oxidizer and the fuel binder used, other gas species may be produced as well, such as oxides of
nitrogen and carbon monoxide. As an aerosol, the fire suppression agent is approximately 40% solid
particles and 60% gases [14]. The thermal decomposition process associated with pyrotechnic solid
compounds rapidly generates a large amount of hot gases that can increase compartment temperature and
pressure. One way to appreciate this effect is to remember that motor vehicle airbags utilize similar
technology, the combustion of a solid pyrotechnic tablet, to produce expanding gases that fill airbags in
milliseconds [2].

2.2 Mechanism of Aerosol Agent Suppression

Any fire suppression system is designed to interrupt at least one of the factors shown in Figure 2-1 that
are required to sustain a fire (heat, fuel, oxygen and chain reaction) [27]. While it is commonly
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understood that a fire requires fuel, oxygen and heat to exist and to persist, the fourth factor, chemical
chain reaction, is less appreciated and less understood. = Table 2-loutlines the factors governing fire
propagation and some the mechanisms and methods commonly used in RCN warships to suppress fire
[14]. While the table lists the major mechanisms of suppression, most suppression methods will also
have minor effects on another element essential to fire propagation. Such interactions make comparisons
of the relative suppression efficiency of various agents complicated.

Figure 2-1. Factors Governing Fire Propagation

Table 2-1. Methods and Mechanisms to Interrupt Fire Propagation

Factor Suppression Method Example
Mechanism
Fuel Removal Vapour Seal Foam
Oxygen Exclusion Smothering Inert Gas Flooding
Heat Absorbance Cooling Water Sprinklers
Chain Reaction Inhibition Stop Reactions Halon
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The pyrotechnically generated aerosol agent considered here is comprised of a mixture of
approximately 40% micron-sized solid particles and 60% gases, the major components of which are water
vapour and inert gases including nitrogen and carbon dioxide. For the present discussion, it will be
assumed that the base pyrotechnic reactant is primarily potassium nitrate, KNOs, such that the solid
particulate phase of the aerosol suspension will be potassium carbonate, K,COs.

An aerosol composed of the above particulate and gaseous compounds will work to interrupt
three of the four factors that govern fire propagation. To varying degrees the aerosol mixture acts to
absorb heat from the fire environment, inhibit chemical chain reaction within the reacting zones, and
dilute the available oxygen in the compartment. As the aerosol agent is delivered to a fire environment
heat will be absorbed from the fire and the fire environment due to the intrinsic cold mass of solid
particles injected into the compartment, which is potentially further augmented by heat absorbed due to
endothermic decomposition reactions of the K,CO; molecules when exposed to the heat in the fire [15].
Some studies have shown that the heat absorbed by micron-diameter potassium carbonate particles as a
result of such reactions is approximately 5.5 kJ/g [15], but it must be recognized that this value would
also be directly proportional to the initial temperature of the aerosol [28]. The second mechanism of
suppression key to aerosol systems is chemical inhibition. This takes place via the recombination of
potassium radicals with the hydrogen, oxygen and hydroxyl radicals within the combustion zones to form
stable molecules such as potassium hydroxide [25]. The hydrogen, oxygen and hydroxyl radicals are
critical in sustaining combustion of most hydrocarbon fuels, so oxidation of the fuel (i.e. the fire) cannot
be sustained when they are scavenged from the combustion zones. In the case of aerosols, the
recombination occurs first heterogeneously on the surface of the potassium carbonate aerosol particles
that are entrained into the flaming zones of the fire. Later, the recombination occurs homogenously as the
particles are heated and sublime into a gaseous phase [22]. Figure 2-2 provides a pictorial representation
of the chemical inhibition mechanism associated with aerosol suppression agents [18]. The third, less
substantial mechanism of suppression due to aerosol agent interaction with a fire is oxygen exclusion in
the vicinity of the fire. The water vapour and the inert nitrogen and carbon dioxide gases generated during
formation of the aerosols dilutes the environment and therefore reduces the overall concentration of
oxygen available to sustain the fire in the compartment.

12



Stage 1: Radical Stage 2: Potassium (K) Stage 3: K radicals
formation by radicals introduced to attach to flame
dissociation chain reaction radicals

Figure 2-2. Chemical Inhibition within the Flaming Surface as a Result of Aerosol Suppression

The potassium carbonate particles propelled from aerosol extinguishers have a mean diameter of
approximately 1 um [16]. These small particles have a large surface area per unit mass. Since the heat
absorption and the heterogencous catalysis mechanisms by which aerosols work are both surface
reactions, a greater surface area (smaller aerosol particles) should have a greater suppression effect [25]
Additionally, Agafonov et al suggested that the aerosol particles formed via pyrotechnic action (newly
condensed particles generated via combustion of a solid pyrotechnic tablet) have fresh and clean surfaces
making the recombination process substantially more effective [25]. Therefore, there is expected to be an
inverse relationship between suppression efficacy and aerosol agent particle size. In a real fire situation,
however, there are other trade-offs that must be considered with respect to the efficiency of aerosol
suppression as are discussed in the next section.

2.3 Aerosol Particle Dynamics

As discussed above, fire suppression efficacy of aerosol agents should be inversely proportional to
particle size due to the greater surface area per unit mass of agent. Efficacy in this context, though,
assumes that the aerosol particles are uniformly dispersed at a proper concentration throughout the
compartment such that heat absorption and chemical chain inhibition occur at maximum efficiency on all
surfaces and thereby particles are optimally sized to suppress a fire. There are, however, other key
physical phenomena that must also be considered in determination of the actual interaction between
aerosols and the hot gases and flaming zones in a compartment fire [29]. These relate to concentration
and dispersion of the particulate in the compartment, each of which is discussed further below.
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At one micron in size, pyrotechnically generated aerosol particles are sufficiently small that they
should remain suspended in air for up to 60 min depending on ventilation [25]. Design guidelines are
therefore set based on the requirement of achieving a minimum particle concentration in a space for
effective suppression. The amount of aerosol needed for a given situation depends on compartment
volume and ventilation. This requires the systems to be specifically designed to suit each space since the
effectiveness of handheld or portable aerosol systems will be dependent on compartment size and
ventilation. Experimental data available in literature suggests a fairly wide variation in the density of
particulate that is required for fire extinguishment using aerosols. For most variants of aerosol agents, for
example, the suggested particle density in the fire compartment is between 50 to 90 g/m’ assuming direct
material activation in an enclosed area [24]. Lower concentrations would be appropriate for hermetically
sealed compartments or compartments with a high level of confinement, while the higher concentrations
would be used for compartments that cannot be completely sealed or confined. Higher concentrations
would also be required to reach the seat of the fire in situations that contain solid combustibles that char
and smolder. In comparison to other agents, however, the density of aerosol agent required for fire
suppression is low. For example, the required concentration of dry powder (potassium bicarbonate or
Purple K) for suppression varies from 130 to 500 g/m’, while brominated and chlorinated halon
concentrations range from 160-340 g/m’ [25].

As well as the density and suspension of the aerosol agent, the dispersion of the aerosol
particulate within a fire compartment is important to efficient suppression of the fire. Dispersion is
directly proportional to the mass of particles and the velocity with which the particles are issued into the
space, while the suspension or dwell time (once they have been dispersed) of the particles is inversely
proportional to the particle mass and surface area. In general, larger particles with more momentum will
be better able to penetrate turbulent gas flows encountered in well-developed compartment fire
environments, yet they will fall out of suspension earlier. Smaller particles have a greater surface area
relative to their mass, and will have a lower settling velocity since the particle buoyancy and viscous air
resistance or drag is closer to the force of gravity acting downward, allowing for a longer suspension
times [15]. A formula for settling velocity is provided below [30]:

2 (Pp—py)
S:E.?’Tf.g.RZ [1]
where: v is the particle settling velocity (m/s), g is the gravitational acceleration (m/s?), pp 1s the mass
density of the particle (kg/m’), p;is the mass density of the fluid (kg/m’) and R is the particle radius.

For example, the settling velocity of a spherical particle of potassium carbonate with a diameter
of 10 um is approximately 5 mm/s, while the settling velocity of 1 pm particle is approximately 0.05
mm/s [15].

Smaller lighter particles may have a longer dwell time and greater suppression efficacy, however,
it is not clear whether they will have enough momentum to carry them against the flows in a fully
developed fire scenario and allow them to get to the flaming surfaces of the fire. The concern is whether
the smaller aerosol particles are more easily impacted by ventilation, buoyancy and turbulence within a
fire environment such that they are more easily carried away from the fire before acting to suppress the
flames. This is less of a concern in situations where compartments can be completely confined prior to
aerosol activation, as the agent is contained and suppression by oxygen starvation works in conjunction
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with the action of the aecrosol. In unconfined compartments, the inverse relation of particle size to
suppression efficacy may be negated by the fact that particle momentum is insufficient for good
dispersion throughout the fire environment. To better understand these interactions, one can look towards
research related to determining the optimum water droplet sizes needed for suppression. In research to
find optimum water droplet size, a balance has been found between the momentum needed from larger
droplets (i.e. 5 mm diameter) to penetrate a fire plume, and the benefits of smaller water droplets (i.e 0.5
mm diameter) that vaporize more rapidly and absorb heat to cool the entire environment [31] [32].
Smaller droplets, as with aerosols, are more easily overcome by the turbulent gas flows within a fire
environment. Research by Back et al has shown that fine water mist may be more effective for small
confined spaces, while larger droplets may be more effective in larger compartments [33]. For water
systems, previous research has appreciated the physical influence of the fire plume and other ventilation
pathways on water droplet size particularly when minimizing the use of water while achieving fire
suppression is a key factor [34]. The physics and lessons learned for water droplets may to some degree
be valuable when evaluating the limitations of micron-sized aerosol agents as well, although comparisons
such as these have not been reported in the literature to date. Instead, much of the information on
interaction of aerosols with fires is of a more qualitative nature, presenting fairly general information on
the advantages and disadvantages of their use. Key points related to this are discussed in the next two
sections.

2.4 Advantages of Pyrotechnically Generated Aerosol Agents

Pyrotechnically generated aerosol extinguishing systems are marketed as offering several key advantages
for use in naval applications. Manufactures bring focus to the high effectiveness of aerosols in terms of
weight to extinguishing power ratio. This advantage is what makes a lightweight handheld aerosol
extinguisher possible and practical. It is also a significant advantage for large fitted systems where
canisters can be easily installed and distributed to protect compartments of any size without the piping,
nozzles, pumps, accumulators, foam proportioners, or compressed gas cylinders needed for many
alternative suppression systems. As such, a pyrotechnic aerosol fire protection system is relatively
simple and inexpensive to install as either a retrofit or in new construction. The materials used to form
the solid active tablets are also readily available and affordable. Further, the pyrotechnic canisters have a
shelf life of 10-15 years with minimal preventative or planned maintenance requirements, reducing
through-life costs and operator workload. The reduced maintenance requirements can also be viewed as
an advantage in terms of greater system reliability. A recent (2012) National Fire Protection Agency
statistical study has shown that 44% of all non-water-based automatic suppression system failures were
due to a lack of or incorrect maintenance being performed [35]. It stands to reason, then, that if an
automatic system requires less maintenance there will be fewer operator injected faults, increasing the
system reliability. Despite these advantages, however, there are also some concerns with use of these
aerosol suppression systems as discussed in the following section.

15



2.5 Common Concerns Associated with Pyrotechnically Generated Aerosol
Agents

2.5.1 Toxicity

Although marketed as environmentally friendly agents, there are concerns over potential toxic hazards
associated with fire extinguishing aerosols. This is an important performance characteristic, especially in
the context of a relatively confined marine or naval application. Even if such extinguishing agents are
only utilized in normally unoccupied spaces, there is still potential for human exposure either by improper
confinement or by accidental release.

The thermal decomposition of the pyrotechnic aerosol forming compounds produces gas species
composed mainly of CO,, N,, and H,O vapour which mix with the ambient air; however, the literature
suggests there is a potential for the production of other toxic species such as oxides of nitrogen (NO, or
NO and NO,) and carbon monoxide, CO [15]. For example, Kidde International Research found that
KNO; based pyrotechnic aerosols produce NO concentrations between 300-600 ppm [26] and CO
between 350-3000 ppm [36]. Pyro-aerosols have also been shown to produce trace amounts of hydrogen
cyanide (HCN) between 10-15 ppm [36]. Additionally, irritation and possible interference with
pulmonary function of human mucus membranes can occur after penetration of ultra-fine solid particles
of potassium salts, especially when combined with low concentrations of CO and NOy [36]. Potassium
carbonate, for example, is an irritant to human mucus membranes, particularly the eyes, and needs to be
flushed immediately upon contact [37]. By way of setting possible benchmarks for later comparison with
measurements, it is of interest to compare measured levels to some of the existing standards for NO,, CO
and HCN exposure outlined in occupational health and safety literature.

In the case of nitrogen oxides (NO,), toxicological concentration thresholds are generally
specified with respect to measured values of NO, since better data is available for toxicology of NO, and
NO, is most often used as an indicator for the presence of nitrogen oxides (NOy). In addition, NO, is five
times more acutely toxic than NO [38]. That said, it should be noted that there is little consistent evidence
of long term health effects with exposure to NO, and there is still significant uncertainty in human
exposure-response data for both acute (< 3 hour) and long term exposure [39]. According to the World
Health Organization (WHO), sub-chronic or acute exposures to concentrations of NO, of as little as 2
ppm can have some physiological impacts particularly in the case of children between the ages of 5 and
12, and asthmatic adults [39]. As such, the levels of exposure proposed in the WHO guidelines are 0.1
ppm for continuous 1-hour exposures and 0.02 ppm for long term exposures [39]. In contrast in the USA,
the Occupational Safety and Health Administration (OSHA) has set a higher 15-minute exposure limit of
5 ppm for NO, in workplace air, with an IDHL of 20 ppm [40]. They also indicate a permissible exposure
limit of 25 ppm NO averaged over an 8-hour work shift, with an IDHL of 100 ppm [40]. Other published
levels suggest ten minute exposure levels for NO, of 5 ppm; while exposure to several hundred ppm over
the course of minutes is purported to cause deep lung irritation leading to pulmonary edema or fluid
buildup in lungs, which can also lead to death [38]. Although not as pertinent to this work, the EPA has
established that the average concentration of NO, in ambient air in a calendar year should not exceed
0.053 ppm for outdoor exposures [41]. Therefore, the overall lack of sound toxicological data for
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nitrogen oxides and consequent uncertainty in potential threshold and exposure values may make it
difficult to assess the toxicity of the NOy production of pyrotechnically generated aerosols [40].

Since the binding resin in the pyrotechnic tablet is polymer based it is a hydrocarbon fuel, which
accounts for the production of CO, and other common exhaust gases during combustion. Incomplete
combustion of hydrocarbon fuels leads to production of carbon monoxide, CO, which is a clear,
colourless and poisonous gas. Existing short-term exposure guidelines published by the National
Research Council (NRC) set Emergency Exposure Guidance Levels (EEGLs) for CO as follows: 10-
minute EEGL: 1,500 ppm, 30-minute EEGL: 800 ppm, 60-minute EEGL: 400 ppm, and 24-hour EEGL:
50 ppm. NRC has also set the lethal concentration to humans at 5000 ppm for 5 min [42]. The National
Institute for Occupational Safety and Health (NIOSH) has set the Time Weighted Average (TWA) for CO
at 35 ppm with a ceiling of 200 ppm [43]. CO levels produced from pyrotechnically generated aerosol
units vary widely based on the solid tablet composition. Kopylov et al studied the CO production from
five different pyrotechnic aerosol combinations, all about 1 kg in initial mass. The study revealed that the
concentrations of CO varied between 572 and 4000 mg/m’, which based on the molecular weight for CO
of 28 g/mol equates to approximately 464 to 3243 ppm [36]. The range of CO concentrations observed in
these experiments highlights how dependent the production of CO is on the initial pyrotechnic tablet
composition, and also that CO production should not be overlooked in a naval application. Based on the
potential for high levels of CO production, the RN Institute of Naval Medicine has approved pyrotechnic
aerosols for use in unmanned compartments only, stating that personnel must be able to vacate within
about two minutes before CO levels become prohibitive [8].

Hydrogen cyanide, HCN, is toxic to humans at relatively low levels. Once again turning the
WHO, HCN is listed as fatal to humans if inhaled at the concentrations and for the durations listed in
Table 2-2 [44]. The literature reviewed does not report measurements of HCN levels due to
pyrotechnically generated aerosols that exceed the acute toxicity levels listed by the WHO. Nonetheless,
the danger associated with HCN should dictate a high standard of care and vigilance in understanding the
potential for lethal concentrations. Though no the subject of the present work, further research and testing
into this aspect of pyrotechnic aerosol forming compounds should be conducted prior to their
consideration for use in manned naval applications.

Table 2-2. Time to death following hydrogen cyanide inhalation in humans [44]

Dose Time to Death
mg/m3 ppm
150 135 30 min
200 180 10 min
300 270 Immediate

Generally speaking, there is sufficient variability in the public literature on the toxicity of
pyrotechnically generated aerosol systems to warrant a more stringent, thorough, and independent
toxicology study prior to procurement or use by the RCN.
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2.5.2 Heat and Flame Ejection

The thermal decomposition or combustion of solid pyrotechnic fuel tablets is known to generate
significant heat, flames, and rapidly expanding hot gases (some inert and some flammable such as CO) in
a short period of time [15]. The combustion temperature of a KNO; based solid tablet is between 1200-
2100°C [14]. Agafonov et al published results suggesting that the exit temperature of aerosols produced
pyrotechnically will typically be in the range of 500 to 600°C without a cooling medium and 100 to 200°C
with a cooling medium [28]. While it is understood that an effective fire suppression agent is being
produced in conjunction with the generation of such heat and flames, pyrotechnically generated aerosols
do pose a significant thermal hazard that needs to be appreciated. Depending on container design, even
handheld pyrotechnically generated aerosol units can eject flames up to 1 m from the canisters and render
their own metal surfaces red hot [26]. These effects can be reduced through system design whereby a
cooling medium is installed between the solid fuel tablet and the ejection ports to suppress the flames and
absorb some of the temperature. Insulation can also be utilized to reduce the external surface
temperatures of activated canisters. These mitigating strategies, however, are not practical for small
handheld aerosol extinguishers as they increase cost and would render the units too heavy and bulky for
effective storage and transport. Good system design for fitted systems can ensure that the thermal hazards
due to pyrotechnic generation of aerosols are mitigated by the aforementioned insulating and cooling
media and proper spatial separation from combustible and flammable materials. Handheld systems on the
other hand are thrown into compartments and may come into direct contact with various fuel sources. In
addition, the units can pose a significant hazard to casualties if the units are activated in close proximity.
Therefore, in this research it is of interest to qualitatively measure the heat and flame projection from the
two variants of handheld aerosol extinguishers.

2.5.3 Corrosion Potential

Pyrotechnically generated aerosol fire suppression agents produce a buoyant mixture of micron-sized
particles carried in a gaseous medium that consists of a range of decomposition and oxidation products.
For effective suppression, this mixture is well dispersed throughout the compartment and therefore, both
the particulate and the gases will come into contact with surfaces and equipment there. In the case of a
modern naval application, even machinery spaces contain thousands of electronic devices that are critical
for platform systems management and control and therefore survivability of the vessel. In this respect,
the deposition of the aerosol particulate onto surfaces is of interest, as is the potential corrosivity of the
mixture to sensitive electronic equipment and devices.

The deposition of the aerosol residue onto electronics and samples of various metal and polymer
materials commonly used in electronics has been evaluated, but not in sufficient depth to fully appreciate
any possible long term effects [22] [26]. Examples of materials tested include copper 110, bronze 905,
steel 1010, stainless steel 303, Aluminum 6061, galvanized steel, PC board (epoxy), nylon, PVC, and tin
[22]. In a fully developed fire scenario, exposure of equipment to heat, flames and hot toxic gases
produced from the burning fuels certainly has the potential to cause damage. Suppressing the fire by the
quickest means will minimize the damage due to the fire, but with aerosol agents, there may be the
potential for corrosion or deposition of residue due to suppression. Further, in the case of accidental
discharge of fitted aerosol systems, or activation of fitted aerosol systems for very small fires in large
compartments, the resultant residue may be of considerable concern. Therefore, issues such as particle
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deposition and the potential corrosive by-products from the aerosol agents must be examined in scientific
detail as they may not be considered acceptable trade-offs, particularly when there are several candidate
suppression systems for a given application. Technical white papers outlining tests on some pyrotechnic
aerosol extinguishers note that after the fire is suppressed most of the suppression agent can be exhausted
in the same manner as smoke, but results do indicate that there can be a slight film on surfaces [10] [19].
The manufacturers recommend removing any aerosol residue deposited on equipment and electronics
using a damp cloth, vacuum or compressed air. In the case of large compartments with thousands of
sensitive electronic devices, however, this process could prove expensive and time consuming. Some
manufacturers postulate that aerosol agents are non-corrosive, citing studies conducted in the early 1990s
[45]. These reported that aerosol agents were found to be non-corrosive to electrical and structural
materials, although the included references could not be found and therefore were not reviewed as part of
this work. Jacobson et al conducted a corrosion study on the GreenSol aerosol material and found that the
agent was non-corrosive against 12 common metal and polymer materials [22]. In this study, the exact
composition of the agent tested was not published and unfortunately, the composition of the aerosol has
been demonstrated to make a significant difference. For example, pyrotechnically generated aerosols
based on perchlorates of nitrogen produce potassium chloride, which is known to be corrosive to
aluminium and certain grades of steel [26]. In other units, the major aerosol generation component is
listed as KNOs, but details of the composition of the resulting aerosol particles and gases are not precisely
known. In many cases of thermal decomposition of potassium nitrate, the resultant powder residue is
comprised mainly of potassium carbonate which alone has been shown to be non-corrosive to most metals
and alloys [46], but when dissolved in water results a medium strong basic solution [37]. In addition,
there could be other corrosive agents present that have not as yet been identified and since potassium
carbonate reacts violently with acids and other compounds such as chlorine triflouride [37], corrosive
potential exists. If the suppression agents do lead to any corrosion, the consequences could be significant
in the context of large marine compartments containing thousands of critical electronic devices. For this
reason, studies should be conducted both into the corrosivity of the aerosol and into aerosol deposition on
electronic devices and firefighter PPE to gain a better understanding of post suppression impact of the
agent for naval applications.

The above review of the literature indicates that while there is basic theoretical understanding and
some observational evidence of the efficacy of pyrotechnically generated aerosols as fire suppression
agents, there are still many outstanding issues. These drive the present research which seeks to undertake
a more detailed scientific evaluation of the efficiency and potential impacts of fire suppression using two
variants of handheld pyrotechnic aerosol extinguishers against repeatable, fully developed marine fire
scenarios. In the first instance, it is important to undertake controlled experiments to determine key
suppression parameters, such as upper gas layer cooling rate, impact on thermal stratification, and total
compartment cooling effect to more clearly understand the interactions between the aerosol agent and the
fire compartment environment. Further, a review of existing information relating to advantages and
disadvantages of aerosol suppression points to the need to conduct additional agent only (or cold
compartment discharge) tests, dedicated safe storage experiments and incendiary potential evaluations to
assess the safety of pyrotechnically generated aerosols, as well as to identify potential impacts of post
suppression aerosol residue or corrosivity on equipment in the fire compartment.

The next stage in this research was to design a series of unique experiments in order to meet the
scientific requirements listed above. Background procedures and protocols used in the experimental
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design, as well as the final layout, instrumentation and experimental methodology used in the
investigations are discussed in the next two Chapters.
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3 Aerosol Suppression Experimental Design and Techniques

Based on the RCN need to improve fire safety and survivability in current and future warships, the
handheld aerosol extinguishers needed to be tested under fire scenarios designed to simulate the most
challenging fire environment. In contrast to previous demonstrations of aerosols against fires in the early
stages of growth, testing against a fully developed fire situation was deemed most appropriate in this
work in order to better understand how and whether aerosol suppression agents work against a range of
possible fire situations. Since statistically speaking, engine room or marine machinery space fires due to
oil leakage are commonly considered the most likely fire scenarios, the burn room, fuel loads and
configurations used for aerosol evaluation sought to simulate this scenario as closely as possible. This
consisted of simulating a marine machinery space of the rated volume for the two variants of aerosol
extinguishers and designing open diesel pool fires, obstructed diesel pool fires, and obstructed diesel bilge
fires for repeatable and comparative suppression testing. Additionally, due to the large percentage of
accommodation space onboard naval vessels, commonly with Class A fuel loads, softwood crib fire
scenarios were designed using the same burn room and instrumentation for evaluation of the aerosol units
against this category of fire.

From lessons learned in previous testing on aerosols, it was considered important to start
suppression testing once the fires had reached the fully developed, or steady state, which is the worst case
for compartment hot layer temperature and turbulent flow development while also being the most
consistent from a repeatability standpoint. Although the final fire protection goal will be to utilise the
aerosol suppression units as early in real fire growth as possible in order to minimize damage, choosing
such a point from one test to another is challenging and inconsistent, and it does not allow for the aerosol
technologies to be tested against the worst, or fully developed, fire environment.

Another aspect from lessons learned in previous testing is to utilize ample temperature measuring
devices to accurately assess the fire environment in all three dimensions, as information from one TIC or
from just a few thermocouples can misrepresent what is happening across the entire fire compartment.
Finally, because oxygen starvation is a very effective fire suppression method, it was decided that aerosol
suppression needed to be assessed in isolation from this method in order to appreciate the mechanism on
its own. This meant that suppression test fires needed to be well ventilated throughout the pre-burn and
the aerosol suppression testing period by not altering the ventilation configuration of the experimental
burn room. The added advantage of this technique was the ability to assess the aerosol agent’s efficacy
against fully developed and unconfined marine fires. While it is understood that confinement will
normally be coupled with aerosol suppression, the ability to fully confine a naval compartment fire
depends on the functionality of doors, hatches, and ventilation dampers. It also depends on the integrity
of the bulkheads which may have penetrations either by design, poor maintenance, or even due to
breaches caused by enemy fire. Evaluation of aerosol suppression agents against unconfined fires, then,
is of importance. Manufacturers of aerosol suppression agents that are protecting a given compartment
will overdesign in order to account for a ventilation leakage factor; however, temperatures, pressures, and
turbulent flow in a fully developed fire environment can be underappreciated and cause a light chemical
suppression agent to be much less effective than anticipated.

21



In the first phase of the work, described in this Chapter, the fuel loads for the suppression tests
were designed and characterized to provide a steady heat release rate and a fully developed fire
environment at the onset of aerosol agent suppression, allowing comparison among the various repeatable
tests. Next, the fully developed compartment fire environments for each scenario were characterized
using both computer simulations and live compartment fires to confirm fuel loading and to understand
temperature profiles, stratification and distribution of soot and hot gases prior to suppression testing.
Following this, aerosol extinguishers were systematically discharged into the fire environments using
different placements. Based the variability of the results due to aerosol extinguisher placement in the
preliminary suppression testing, it was decided to fix the point of activation within the burn room to limit
that variability. Upon completion of compartment characterization and preliminary aerosol testing, which
are described in Chapter 4, a total of 18 live fire suppression tests were conducted to scientifically
evaluate aerosol suppression efficacy in terms of upper gas layer cooling rate, impact on thermal
stratification, and total compartment cooling effect. The live fire suppression tests also allowed for
comparative analysis of the suppression efficacy of aerosol agents on their own without the added
suppression effect of oxygen starvation, the results of which are contained in Chapter 5.

To improve on the RN cold discharge tests; two agent only tests (one for each variant) were
conducted in the same burn room as the suppression tests. These tests were designed to qualitatively and
quantitatively understand the aerosol agent distribution, aerosol agent suspension, compartment obscurity,
re-ignition prevention, compartment temperature, oxygen dilution and carbon dioxide production, effect
and residue distribution on electronics, and effect and residue distribution on firefighter breathing
apparatus and protective ensemble. The experimental technique and applicable results of these tests form
Chapter 6.

In addition to the 18 live fire suppression tests, 5 safe storage and 3 incendiary potential tests
were conducted on the two variants of pyrotechnically generated aerosol extinguishers using purpose built
and instrumented test rigs for a total of 26 aerosol units tested and evaluated. The solid fuel compound in
pyrotechnically generated aerosols can produce significant amounts of heat and flame and as such are
currently under scrutiny from Canadian Forces (CF) ammunition safety personnel. Normally, pyrotechnic
devices such as flairs and smoke grenades are stored in floodable steel lockers on the upper decks of
warships do to their incendiary potential if improperly used. While it is understood that pyrotechnic
aerosols generate an effective fire suppression agent at the same time as they produce heat and flames, the
thermal risk and hazard is still considerable. For handheld aerosol fire extinguishers to be effective in
warships, they will need to be accessible throughout the ship. Understanding the consequences of an
accidental discharge within supplied storage cases is important in the development of safe operating
procedures and the design the storage racks. Additionally, the consequence, in terms of incendiary
potential, of activating extinguishers in compartments that have a high ventilation turnover and/or are
much larger than the rated volume for the units also need to be understood.  Prior to procurement,
Quality Ammunition Technical Authorities (QATA) in the CF will need to be satisfied that pyrotechnic
aerosol suppression systems are safe for use as either fitted systems or has handheld extinguishers. The
safe storage testing technique and results are contained in Chapter 7, while the incendiary potential testing
technique and results may be found in Chapter 8.
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3.1 Handheld Pyrotechnic Aerosol Extinguisher Test Method

There is currently no standard test procedure for the evaluation and approval of handheld aerosol
extinguishers, therefore, a series of unique tests were designed that were adapted from various protocols,
standards and best practices in order to meet the research objectives outlined in Section 1.1.

The main existing method for testing the effectiveness of aerosol suppression systems in the
marine context is the “Test Method for Fire Testing of Fixed Aerosol Fire-Extinguishing Agents”
contained as an Appendix in the larger IMO MSC Circular 1007 Machinery Space Test Protocol [MT-3]
[13]. The full protocol specifically pertains to design, testing and approval of large fitted aerosol
extinguishing systems for fire protection of enclosures with sizes on the order of 500 m’, stating that “it is
to be applied to evaluate whether fixed aerosol fire-extinguishing systems for use in machinery spaces
have the same reliability which has been identified as significant for the performance of fixed gas fire-
extinguishing systems” [13]. It is intended for direct comparison of large fitted aerosol systems against
similar fitted gaseous fire protection and suppression systems so that the enclosure details and fire sources
are defined accordingly. This said, the IMO MSC/Circ.1007 Protocol provides an excellent framework
and guidelines to follow in testing of any aerosol extinguishing system against machinery space fires as
defined by the International Convention for Safety of Life at Sea (SOLAS) [47].

In the present context of evaluation of potential handheld aerosol fire knock-down tools for RRTs
and RATS, it is critical to ensure that the evaluation is conducted under conditions similar to those that
will be encountered in the fire scenarios against which the handheld units will be deployed. Due to the
design sizes and intended use of the handheld units for fire knockdown, they must be tested against fires
in spaces significantly smaller than those for which the fixed fire protection systems covered in the
protocol would be used. Further, particular emphasis in the present study is to be placed on evaluation of
the units for use against engine enclosure and accommodation fires, in particular Class A fires, as well as
open and hidden Class B fires. After full review of the protocol in light of the research requirements,
details of the protocol were adapted in some aspects to better apply to evaluation of small handheld
aerosol extinguishers. The overall framework, as well as some of the guidance and details for
instrumentation, testing and approval of aerosol extinguishers against simulated engine enclosure fires
(hidden Class B pool fires with and engine mock-up) have been adopted directly. This is discussed in
further detail in Section 3.3 after a description of the aerosol extinguishing systems under study.

3.2 Handheld Aerosol Extinguisher Specifications

The handheld pyrotechnic aerosol units tested were the StatX First Responder (Figure 3-1 left hand side)
and the DSPA 5-4 Manual Firefighter (Figure 3-1 right hand side). These specific models were selected
for testing based on their comparable sizes and applicability for fire suppression in the compartment sizes
used in the experiments, as well as the willingness of the respective companies to collaborate in the
research project.
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Figure 3-1. Left: StatX First Responder, Right: DSPA 5-4 Manual Firefighter

The specifications for each unit as taken from the respective manufactures’ publications are
outlined in Table 3-1 to [48] [49] [50].

Table 3-1. Characteristics and Specifications of the StatX FR and DSPA 5-4 Aerosol Extinguishers

Characteristics StatX FR DSPA 5-4
Active Substance 0.5 kg 0.9 kg
Discharging Time 20 sec 25 sec
Maximum Temperature at 50 cm Unknown 75°C
Diameter 80.89 mm 165 mm
Height 174.6 94 mm
Weight 1.22 kg 2.0 kg
Capacity (based on 50 g/m’) 20 m’ 18 m’
Fuse Delay Timer 3.5-5 sec 6-10 sec
Storage Life 10 years 5 years
UL/ULC Listing for fixed systems

Class A (or not hermetically sealed) 97 g/m’ 96.4 g/m’

Class B 67 g/m’ 32.1 g/m’

The solid, aerosol forming, oxidizing agent in each of the two variants of handheld units tested in
this research is potassium nitrate, KNO;, which is an ionic salt and a natural solid source of nitrogen [51].
Other common uses for KNO; include fertilizers, food preservatives, rocket propellants, and fireworks
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[51]. The oxidation process is initiated thermally by a fuse in each unit, with a timed delay of 3.5-5
seconds for the StatX FR unit and longer at 6-10 seconds for the DSPA 5-4 unit. After activation, each
aerosol unit produces and expels the alkali metal, potassium carbonate, K,COs;, in gaseous form.
Subsequently, the gas condenses into ultra-fine particles suspended in a gaseous medium of mainly
nitrogen, carbon dioxide, and water vapour. Discharge times are listed at 20 seconds for the StatX FR
and longer, at 25 seconds, for the DSPA 5-4 unit. Although temperatures of the discharging aerosol are
listed as only 75°C at 50 cm from the DSPA 5-4 unit (and not listed for the StatX FR), the combustion
temperature of the KNOj; based solid tablet is expected to be in the range of 1200-2100°C [14].

The DSPA-5 Material Safety Data Sheet (MSDS) shows that solid compound ingredients are
potassium nitrate (60-70%), dicyandiamide (15-25%) and phenol-formaldehyde resin (5-15%). The exact
phenol resin is not identified by Chemical Abstracts Service (CAS) number on the MSDS. The MSDS
for the DSPA compound is attached as Appendix A.

The StatX First Responder MSDS does not provide percentages of the various ingredients by
weight, but shows that the solid compound ingredients are potassium nitrate, dicyandiamide, and an
organic resin. The CAS number associated with this organic resin on the MSDS is 9003-35-4, which
represents phenol-formaldehyde resin. The MSDS for the StatX compound is attached as Appendix B

All aerosol units tested in this work were supplied by the manufacturer together with design
criteria, operating instructions, drawings and technical data. The respective company representatives
personally delivered the aerosol units to UW and provided training and technical support in their use to
ensure proper and repeatable activation per manufacturers’ instructions. UW maintained a collaborative
relationship with both industrial partners throughout the testing.

3.3 IMO MSC Circular 1007 Machinery Space Test Protocol Modifications

There were two key aspects of the protocol that were not considered applicable to the evaluation of
handheld aerosol knock down tools that would be typical of those used by RCN RRTs and RATs against
small machinery enclosure fires. These were the overall size of the test enclosure specified in the
protocol, as well as the details of several of the specified fire scenarios. The protocol requires a test
volume of 500 m’. Appropriate use of handheld units against fires in an enclosure of this size would
necessitate simultaneous triggering of between 25 and 50 handheld aerosol units in each test (less larger
capacity units, but at significant cost in unit weight and against the requirement of ease of transportation
by an RAT or RRT). Further, handheld aerosol extinguishing units are not appropriate for ‘knock down’
operations against engine fires in such large spaces due to their design capacity and weight, the typical
numbers of personnel on RRTs and RATs, and the very rapid fire growth characteristic of engine fires in
large machinery spaces. For these reasons the very large enclosure specified in the protocol was adapted
to a compartment volume of 20.2 m’ for the present experiments (see Section 3.5 for a full description of
the compartment and layout).

The second aspect of the protocol that was adapted for the present test plan involves the details of
the specific design fires. The protocol specifies good performance of the suppression agent against telltale
fires such as those that might persist after a larger engine room fire, against diesel/fuel oil fires with and
without engine enclosure, against class ‘A’ wood crib fires ignited using small heptane pool fires, and
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against three-dimensional fuel spray fires that simulate ruptured fuel lines that have ignited, as well as, in
a more recent version, against fires from a range of polymeric materials [13]. While the latter two
scenarios (fuel spray and polymeric materials) can be accommodated by a smaller fire test facility, these
are not typical of fires against which RRTs or RATs would deploy handheld aerosol units for knock-
down. Therefore, these fires were considered to be beyond the scope of the research and were not
evaluated here. The other fires are more characteristic of general fires and smaller machinery space fires
likely to be encountered by RRTs and RATs on RCN vessels and were included, with particular emphasis
on engine enclosure fires involving hidden B class fires.

With these two basic adaptations to the IMO test protocol, other aspects of the experiments were
designed to address the objectives of the present research. Key design parameters as well as
instrumentation and test procedure are discussed in order below.

3.4 Fire Development

While the IMO protocol discussed above does provide good guidance for the evaluation of aerosol
suppression systems against simulated marine machinery space fires, it does not give direction on the fire
environment that needs to be attained prior to suppression. The protocol is very specific in terms of fire
design and engine enclosures or mock-ups to obstruct the fires; however, the fires specified will not
necessarily produce a fully developed fire environment, which is considered to be the most challenging
and also the most repeatable test fire scenario. Since the goal for this research is to test the handheld
aerosol units against fully developed, repeatable, fuel controlled marine fire scenarios, it is necessary to
identify the salient features of the fire environment of interest and then design fuel loadings to accomplish
this goal. The resulting compartment fire environment must then be carefully characterized as the
reference against which to conduct the suppression tests. To set the stage for the ensuing discussion,
some key aspects of fire growth and enclosure fire dynamics are outlined below.

The normal stages of fire development follow a cycle of fuel ignition, fire growth, steady state
burning and fire decay. At any point during this cycle, a fire can either be fuel controlled or ventilation
controlled [52]. A fuel controlled fire has all the oxygen it needs to burn. The growth rate, length of the
steady state burning period and the decay are all dependent on the amount and the types of fuel feeding
the fire. Conversely, a ventilation controlled fire cannot burn all the available fuel freely since it is
starved of oxygen to some extent. In both cases, as a fire grows, there is a build-up of hot gases that are
buoyant and rise to the top of the enclosure or compartment. A boundary, which is commonly referred to
as the interface height, forms between hot gases situated near the ceiling and cold gases closer to the floor
[52]. In a fuel controlled fire, ventilation pathways allow hot gases to escape (normally from higher
points of ventilation within the compartment) and cool air to enter, providing ample oxygen to the fire. In
contrast, a ventilation controlled fire does not have sufficient ventilation to supply the fresh air needed to
sustain the required level of oxygen to keep the fire burning.

In a burn room that only has one rectangular door the mass transfer of hot combustion gases and
cool combustion air occurs through the same ventilation passage. Hot gases are expelled at the top
portion of the door and cool air is drawn in at the bottom and the neutral plane between layers coincides
with the interface height of the hot and cold gas layers within the compartment. In this case, the
compartment door can be used to control the rate of mass transfer of the hot combustion products from
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the fire relative to the cold incoming air and thereby hold the interface height at a given level throughout
the compartment.

The hot gases that build up in the upper gas layer within a compartment fire increase the amount
of heat that is transferred to all surfaces inside the compartment. If some of the internal surfaces are
flammable materials not already involved in the fire, heat transfer from the hot gas layer onto those
materials will cause them to off gas and release flammable vapours into the environment [53].  As the
depth and temperature of the upper gas layer build, the radiant heat it generates can ignite all the available
fuel in the room creating what is often referred to as a fully developed fire [54]. Another definition of a
fully developed fire is when the average upper gas layer temperatures reach values typically between 500-
600°C, with peaks up to 800°C [55]. Following full development of the fire, the fuel burns out, the fire
decays and eventually goes out.

Krasnyansky suggests that automatic pyro-aerosol systems are suitable for fire prevention or
extinguishment only in the first few minutes after ignition [24]. As such, small handheld aerosol
extinguishers such as the StatX First Responder and the DSPA 5-4 Manual Firefighter are intended for
use as early in the fire growth stage as possible. On the other hand, there is evidence to suggest that it is
reasonable to assume that compartment fires onboard naval vessels will be fully developed prior to
activation of handheld aerosol extinguisher units. Babrauskas conducted a study in which it was
determined that the average time taken for compartments containing a wide variety of natural or synthetic
fuels to reach a fully developed state is 3.5 minutes [56]. Taking into account the normal response times
of either a RRT or a RAT (1-4 minutes), a fully developed marine fire scenario is not unlikely. From an
experimental view, determining a single repeatable point in the fire growth stage, is challenging and not
very consistent.. Therefore, it was decided the probable and repeatable marine fire scenario for the present
tests was a fully developed compartment fire as defined based on upper layer temperature above;
however, it must be recognized that this does pose a challenging fire environment for handheld aerosol
units.

Details of the compartment, fuel load and instrumentation used for the tests are discussed in turn in
the following sections.

3.5 Compartment Setup

The fire compartment used to simulate a small marine machinery space in the aerosol suppression testing
conducted at University of Waterloo is a modified 6.1m (20ft) ISO shipping container as shown in Figure
3-2 and Figure 3-3. This enclosure is similar in dimension and thermal properties to an emergency
generator space onboard a navy ship.
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Figure 3-2. University of Waterloo Standard Shipping Container

Figure 3-3. 3-D Computer Aided Rendering of UW Shipping Container Burn Room
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The shipping container has been divided into a burn room and a control room. The control room
houses the data logger and other test support instrumentation. It measures 2.4 m wide x 2.6 m long x 2.4
m tall and utilises the standard cargo doors for access. The burn room itself measures 2.4 m wide x 3.5 m
long x 2.4 m tall to give a floor area 8.4 m” and a compartment volume of 20.2 m’. There is a single door
at the end of the burn room that measures 0.91 m wide x 1.75 m tall and is 0.05 m off the compartment
floor to simulate the marine door to the machinery space.

The dimensions and thermal properties of the burn room were designed to be similar to an ISO
9705 test room [57]. ISO 9705 is used for standardized testing of wall lining materials, for example, and
as such, it prescribes a burn room with good thermal properties for repeatable fire testing [58]. The
shipping container walls and ceiling are 2 mm thick Corten steel. On the outside of the burn room, the
walls are insulated with 25.4 mm thick layer of Fiberfrax Durablanket S™ high temperature ceramic fibre
insulation, then a 25.4 mm air gap, and covered with a 18-gauge (1.25 mm) aluminum sheet. The ceiling
is insulated with 50.8 mm of Fiberfrax Durablanket S™ insulation and is also covered with 18-gauge
sheet aluminum [59]. This composite construction is similar to that utilised in navy ships for noise and
heat insulation (noise and heat signature reduction is of importance for missile avoidance) which was
considered to add to the realism of the suppression test study. Finally, the floor of the burn room is
covered in fire brick.

Initial thermal characterizations of the facility were conducted to help determine the design fire
loads and ventilation required to obtain a fully developed fire environment in the compartment. This was
accomplished using calorimetry to measure various Class A and Class B fuel loads, in combination with
simulations done using the mathematical model CFAST, a commercially available computational tool
used for fire modelling [60]. After a description of the engine fire mock-up, fuel loads are defined and
general instrumentation layout for the experiments are discussed in Sections 3.6, 3.7, and 3.8 respectively.
Model formulation, input and results, as well as characterization of the final compartment fire
environment, are presented and discussed in Chapter 4.

3.6 Engine mock-up

An engine mock-up of size 1.4 m x 1.3 m x 0.46 m (width x length x height) was constructed of sheet
steel of nominal thickness 5 mm. The structure was suspended 40 cm above the burn room firebrick floor
to simulate an engine enclosure obstructing the diesel pan fire as shown in Figure 3-4. The distance
between the top of the fuel surface and the underside of the engine enclosure was 21 cm. This represents
typical equipment that might be found in smaller marine machinery spaces, such as emergency generator
enclosures, on board RCN vessels. An obstructed pan fire (0.82 m?) in the center of the shipping container
directly under the engine mock-up simulates fuel accumulation under an engine in a marine machinery
space.
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Figure 3-4. Mock Engine Enclosure used in Obstructed Diesel and Bilge Fire Suppression Tests

3.7 Fuel Loads

Design of the fuel loads for the various fire scenarios was critical to ensuring the fully developed fire
environment required for repeatable fire suppression testing. Fuel loads for the two main fires, diesel fuel
(Class B) and softwood cribs (Class A), were determined using analytical heat release rate calculations
and confirmed using a full-scale oxygen consumption calorimeter of test fires. Hand calculations formed
a basis for fuel load design, while the oxygen calorimeter was used to obtain the free burn (or well
ventilated burn) characteristics of the chosen diesel and softwood fuel loads. For diesel characterization
tests, the 0.82 m” fuel pan was filled with 10 € of diesel floated on 105 £ of water (reducing the freeboard
to 1 cm), while for softwood, an 8 kg softwood crib was tested. Each fuel was placed on a load cell under
the hood of the lab calorimeter and ignited. Fuel mass rate of burning was measured and combustion
gases were collected to determine heat release rate via oxygen consumption calorimetry [61]. These free
burn characteristics were important as input to the fire simulation and modelling, as well as to interpreting
results from the suppression tests, particularly with respect to the secondary effects that ventilation and
heat losses have on the fire in the burn room. They are discussed in more detail for each fuel type in the
following sections.

3.7.1 Diesel Fuel

The primary fuel load for aerosol suppression testing was the diesel pool fire, as this is one of the most
likely fuel sources in a marine machinery space. Therefore, the main characteristics of this fuel source are
discussed in more detail here. These parameters were also used to define the fire input used in the
CFAST model described in Section 4.1.

To estimate the HRR of the diesel pan fire, the heat of combustion of the diesel fuel was first
calculated. Using the average formula for marine diesel fuel of C,,H,;, the stoichiometric reaction
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equation can be balanced to indicate the combustion products produced. This equation assumes complete
combustion and provides an estimate for the quantities of major products only:

CoHy +4.77(a+ 1/, b)air > aC0, + 1/, bH,0 + 3.77(a + 1/, b)N, [2]
CyoHys + 84air —» 12C0, + 11.5H,0 + 66.9N, [3]
CoHys + 17.80, + 66.9N, —» 12C0, + 11.5H,0 + 66.9N, [4]

With the moles of the major combustion products known, the heat of combustion of the fuel may
be calculated using the respective heats of formation [54]. From the heats of formation of diesel (-174
KJ/mol), carbon dioxide (-393.5 KJ/mol), and water (-241.83 KJ/mol) the heat of combustion of diesel is
calculated:

AHepps0 = Nco,Myco, + Ni,0hr1,0 + Mgty frcio iy [3]
— _ LA _ X7 —174 XL

AHey,., =12 (~-393.5-2) + 115 (-241.83-2) + (-174-L) [6]
_ K] 7677K]/mol _ K] _ M

BHepyppyy = 7677 20 or TR0 — 45,975 = 45,9777 [7]

This calculation is based on an average molecular weight for the fuel as well as the assumption of
ideal combustion of the diesel. A more realistic figure is 45 MJ/kg as found in the SFPE handbook [62].
The diesel fuel pan used was 0.905 m x 0.910 m x 0.140 m (width x length x depth). Based on the
average properties of diesel fuel with a molecular formula of C,,H,; and molecular weight of 167 g/mol,
and the area of the fuel pan, the maximum heat release from the fire was estimated to be 908 kW using:

G = Am,AAH, 8]

Where A (efficiency factor) was assumed to be 0.7 due to the sooty nature of the diesel fire [63]
the surface area was 4 = 0.823 m’, the burning rate was taken to be 0.035 kg/m’s [63], and the heat of
combustion was taken to be AH, =45 MJ/kg [62].

For this testing, a 3 min burning time was desired in order to obtain a fully developed fuel
controlled fire with sufficient unburned fuel remaining to ensure the fire would not decay prior to aerosol
suppression. Using the stated pan area and burning rate for the fuel yields a requirement for at least 6.3
kg of fuel for each test run. Dividing by an approximate specific gravity of 0.85 for the fuel then gives a
volume of 7.4 0. For ease of testing and repeatability, it was decided to use 10 € (or 0.01m’) of fuel for
each run to ensure a minimum 3 min burning time. As shown below, the burning time for 10 € of fuel
will be approximately 5 min:

Mass of Fuel _ 8.5kg
Area*Mass Burning Rate - 0.823m2*0.035k79
me-s

Burning Time = = 295sec = 5min [9]

The thickness or depth of fuel in the pan was determined to be:
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volume of Fuel _ 0.01m?
Area of Pan  0.823m2

Fuel Thickness = =0.0122m = 1.22cm [10]

The estimated heat release rate was validated and the free burn characteristics of a 7 { diesel fuel
load were obtained via the UW full-scale oxygen consumption calorimeter. A typical heat release rate
versus time curve is shown in Figure 3-5. This confirms that the average HRR for this fuel load was 903
kW and the well ventilated burning time was 3.5 min. Further it substantiated that, while diesel pool fires
may be difficult to ignite, they grow quickly to high heat release rates and then also decay very quickly.
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Figure 3-5. Heat Release Rate of Diesel Pan Fire as measured in Large Scale Oxygen Calorimeter
3.7.2  Softwood Cribs

As the second main fuel load in these tests, the main characteristics of the softwood crib fuel source are
discussed in this section. Each softwood crib was constructed to be similar to those specified in the ISO
Standard 14520, Gaseous fire extinguishing systems, Part 1: General Requirements (2000) [64]. Using 8’
lengths of construction grade spruce 2x2’s, each length was cut into 4 equal pieces nominally 2’ long.
Crib modules, 6 layers deep, were made by evenly spacing 6 pieces of 2x2’s per layer, with each layer
nailed such that the pieces lay orthogonally to those in the previous layer. Each 6-layer crib consisted of
nine 8’ lengths of 2x2s and was nominally 2’ square and 9” high (6 layers x 1.5” per layer) and weighed
about 16 kg after drying indoors for a least 2 weeks at a relative humidity of 40%. The cribs were ignited
using 0.2 ¢ methanol in a 0.1-0.2 m” pan. During the pre-burn, the cribs were centred at a position 300
mm above the top of ignition fire pan. It should be noted that the contribution of ignition source
(methanol) to the overall heat produced by the cribs is insignificant.
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To confirm the heat release rate from the softwood cribs and determine the free burn
characteristics, one-half crib weighing 8.2 kg was burned in the large calorimeter, producing an average
heat release of 56 kW as shown in Figure 3-6.
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Figure 3-6. Heat Release Rate of Softwood Cribs as measured in Large Scale Oxygen Calorimeter
Based on the calorimeter results, a 4-crib fuel load was chosen for these tests to produce an
average heat release of approximately 500 kW and provide a fully developed fire environment after a 4-6

min pre-burn period. Figure 3-7 shows the final 4-crib fuel load configuration in the shipping container
burn room with ignition tray beneath.
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Figure 3-7. 4-Crib Softwood Fuel Load Configuration

3.8 Instrumentation and Data Acquisition

The UW burn room is instrumented to measure gas temperatures internal and external to the
compartment, internal and external compartment surface temperatures, and gas concentration in the upper
hot layer of the compartment.

Compartment gas and surface temperatures were measured using Inconel-sheathed, ceramic
wrapped Type-K (chromel-alumel) thermocouples, which are well suited for measurement in post-
flashover or fully developed fires [65]. Each thermocouple has a bead diameter of approximately 1 mm.
The two wires of each thermocouple were individually wrapped with mica insulation for moisture
resistance, then with ceramic fibre insulation for heat resistance, and lastly, the assembly was covered
with braided Inconel sheathing to provide overall abrasion resistance. These thermocouples were rated for
980°C continuous and 1090°C short-term service [66]. In previous burns undertaken by U of W fire
researchers, these thermocouples have survived fire environments well over 1050 °C [67].

Internal compartment gas temperature distributions were measured using 80 thermocouples,
mounted on 10 rakes, four horizontal and six vertical, as shown in Figure 3-8. The rakes were configured
such that they did not obstruct gas flow in the compartment and also to leave a 1.8 m unobstructed region
to facilitate free gas flow from back to front along the centre of the compartment. Surface temperatures
were measured on the bulkhead, side walls, and ceiling of the compartment using thermocouple beads
directly attached to the internal steel surfaces and the external aluminum surfaces respectively.
Thermocouple data was acquired using a National Instruments Compact Field Point distributed data
logging system that allowed remote placement of the analogue to digital (A/D) signal conversion
hardware. A conventional Ethernet protocol was used to communicate with multiple A/D units and to
transfer the digitized signals back to a central computer located in the burn facility control room. This
system had many advantages including: reducing the required lengths of expensive thermocouple wire;
minimizing the travel distance of analogue signals for improved noise immunity; and allowing the control
and data acquisition computer to be located tens of meters from the experiment. The sample to sample
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time used for these experiments was 1125 milliseconds (0.89 Hz). All temperature channels were
recorded simultaneously.

Each rake of thermocouples consisted of up to 8 thermocouples mounted inside a Uni-Strut steel
channel, with the individual sensing points (thermocouple beads) protruding about 5 cm beyond and at a
right angle to the channel. The thermocouples were spaced at regular spatial intervals along the channel to
form a rake of thermocouples. The rakes were installed either vertically or horizontally in the fire
compartment to measure a temperature profile across a line of interest.

Six thermocouple rakes were mounted vertically on each side of the fire compartment to
document the thermal stratification at the rear, middle and front of the compartment. Four thermocouple
rakes (one longitudinal from front to back and three transfers) were mounted horizontally 2.15 m above
the floor of the compartment to document the homogeneity of the thermal layer. Figure 3-8 shows a three
dimensional view of the thermocouple rakes positioned within the burn facility. The exact location of
each thermocouple along with the associated data file naming system used in the excel spreadsheets can
be found in Appendix C.

Figure 3-8. 3-D Rendering of the Thermocouple Rakes inside the Shipping Container

Concentrations of O,, CO, CO,, NO, and NO, were measured during the test using a Novatech P-
695 gas analysis system with Servomex Servopro 4900 infrared (IR) and paramagnetic analyzers. The
sampling was done through a heated, Teflon coated tube, maintained at a temperature of 150°C to prevent
condensate formation in the lines [68].
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At the time of aerosol suppression testing, UW was also in the process of evaluating a prototype
volume sensor on behalf of Defense Research and Development Canada. This sensor suite (Figures 3-9a
and 3-9b) was positioned to gather UV, IR, near IR, acoustic, colour video and low wavelength video data
during the aerosol suppression testing. Still photography was also employed to record burn room set up,
live fire testing and post-suppression evidence.

Figure 3-9a. Prototype Volume Sensor Figure 3-8 b. Volume Seﬁsor Suite as Installed

Colour video was taken from outside, looking into, the compartment during testing to track fire
development and early stages of suppression. Still photography was also employed to record burn room
set up, live fire testing and post-suppression evidence. Finally, external air temperature and relative
humidity were recorded via Cole-Parmer weather sensors.

3.8.1 Temperature Uncertainty

The type K, 24-gauge, thermocouples had a standard manufacturer’s uncertainty of +£2°C and an expanded
uncertainty of #4°C when including the complete data acquisition system. The response time for a 24-
gauge exposed bead thermocouple was measured to be less than 1 second in air moving at about 20 m/s
[66]. Ignoring any flow variations due to turbulence, this would represent a conservative limit for these
experiments assuming that the buoyant air movement produced by the fire was the main convective effect
acting on the thermocouples during the live fire tests.
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4 Characterization of the Compartment Fire Environment

In response to the considerations discussed in Chapters 1 and 3, it was determined that a compartment
environment similar to that expected during a fully developed fire was required in the burn room prior to
activation of the DSPA 5-4 Manual Firefighter and StatX First Responder aerosol units. After the initial
fuel load was chosen (Section 3.7), a numerical fire model was used to investigate the interactions
between the fire, compartment and ventilation conditions expected in the UW shipping container burn
room. Results are presented in Section 4.1 below. After the fire was modeled, preliminary full-scale
compartment fire characterization tests were conducted in order to better define the actual heat losses and
upper and lower gas layer temperatures and interface heights that could be expected during the
suppression tests. Using the model and test results, the optimum compartment ventilation during the
initial growth period of the fire was determined along with the effects on the fully developed
compartment fire environment of oxygen starvation by closing the burn room. The combined
characterization test data was then used to develop repeatable methods of assessing aerosol suppression
efficiency via determination of the effect of the aerosol on the fire compartment including: upper gas
layer cooling rates, impact on thermal stratification, and total compartment cooling effect. In this
Chapter, appropriate justifications and sensitivity analysis are also included to justify the choice of
average compartment temperatures used in subsequent data analysis, as well as measured thermal
properties of the UW shipping container burn room.

4.1 CFAST Model

Prior to conducting live fire testing in the UW shipping container, fire simulation software was used to
model the fire scenario and predict the compartment environment. The goal of this modelling effort was
to predict whether a repeatable and sustained fully developed fire environment could be established for
the suppression testing, given the thermal properties of the container and the diesel fuel load estimated
above. In this experimentation, a fully developed fire is defined as a uniform upper gas layer temperature
at or above 500-600°C [52]. A secondary goal of the model was the determination of the optimum
opening fraction of the door to provide the highest compartment temperatures without starving the fire of
oxygen.

The software used was the Consolidated Fire and Smoke Transport (CFAST) model developed by
the National Institute for Standards and Technology. CFAST is a zone model, meaning that it divides the
fire compartment into a uniform hot upper layer and cold lower gas layer and solves mathematical
equations for the conservation of mass and energy; with the fire plume acting effectively as an enthalpy
pump [60]. A zone model is useful to represent geometries of relatively simple enclosed volumes and
establish global equations that predict key aspects of fire behaviour (average temperature, effect of
ventilation). The UW shipping container is a rectangular box with one door, which is ideally suited for
analysis using a zone model. More complex geometries may be better represented through the use of a
field model, such as FDS, where thousands of smaller control volumes are utilized to discretize the space
and solve fire related flows, but these require more time and computational power than a zone model and
the increased detail in output was considered of little benefit for the present simulations [69].
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4.1.1 Model Development

As discussed in Section 3.5, the UW shipping container has been divided into a burn room and a control
room, shown in Figure 3-3. The burn room measures 2.4 m wide x 3.5 m long x 2.4 m tall to give a floor
area 8.4 m’ and a compartment volume of 20.2 m’. One rectangular door was added at the end of the
burn room that measures 0.91 m wide x 1.75 m tall and is 0.05 m off the compartment floor [59]. This
door simulates a marine door to a small machinery space. The geometry of the burn room and door were
input into CFAST to represent the exact compartment volume and ventilation (the door), while the control
room was neglected.

As described in Section 3.5, the ISO shipping container walls and ceiling are 2mm thick Corten
steel. On the outside of the burn room, the walls are insulated with a 25.4 mm thick layer of Fiberfrax
Durablanket S high temperature ceramic fibre insulation, then a 25.4 mm air gap, and covered with a 18-
gauge (1.25 mm) aluminum sheet. The ceiling is insulated with 50.8 mm of Fiberfrax Durablanket S
insulation and is also covered with 18-gauge sheet aluminum. For the purpose of CFAST modelling and
fire characterization, the effective thermal properties of these composite walls/ceiling was determined.
The properties of each component the composite wall/ceiling materials are listed in Table 4-1 below taken
from the SFPE Handbook [62].

Table 4-1. Thermal Properties of the UW Shipping Container Burn Room Walls and Ceiling

Thermal Property Steel Air Fibrefrax Aluminum
Thermal Conductivity 43 0.026 0.07 204
(W/m-K)
Specific Heat (kJ/kg-K) 0.473 1.003 0.7 0.896
Density (kg/m”) 7801 1.1 64 2707
Thickness (m) 0.002 0.0254/0.0 0.0254/0.0508 0.00125
H,=k/L (W/ m*K) 21500 1.02/0.0 2.75/1.38 163200

4.1.2 Burn Room Effective Thermal Properties Values for Composite Walls and Ceiling

The effective heat transfer coefficient for the composite walls and the ceiling were calculated
using the equation [54]:

1
hyepr = —T——= T T [11]

4 4

histeel I hkfair I hkfibre I Rkatuminum

The result for the composite wall was 0.746 W/m*K. Multiplying by the total wall thickness of
0.05405m yields an effective thermal conductivity, k.5 of 0.0403 W/m'K. The result for the composite
ceiling was 1.38 W/m>K. Multiplying by the total ceiling thickness of 0.05405m yields an effective
thermal conductivity, k. of 0.075 W/m'K.

The burn room wall is 3.7% steel, 47% Fibrefrax insulation, 47% air, and 2.3% sheet aluminum.
The ceiling is 3.7% steel, 94% Fibrefrax insulation, and 2.3% sheet aluminum. These percentages were

utilised to calculate weighted, effective densities and specific heat values for the walls/ceiling as follows:
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Pefruay = (0.037)(7801) + (0.47)(1.1) + (0.47)(64) + (0.023)(2707) = 381 kg/m? [12]
Peffoning = (037)(7801) + (0.94)(1.1) + (0.023)(2707) = 410 kg/m? [13]

Cpeffuay = (0:37)(0.473) + (0.47)(1.003) + (0.47)(1.13) + (0.023)(0.896) = 1.037 kj /kg’K [14]

Coeffoning = (0-37)(0.473) + (0.94)(1.13) + (0.023)(0.896) = 0.969 kj /kg'K [15]

For the model design fire, the diesel pan fire was located in the center of the ISO container. The
pan dimensions were input exactly as measured, 0.905 m x 0.910 m x 0.140 m (width x length x depth)
and discussed in Section 3.7.1.

The pan fire was input into CFAST as the Fire of Origin (FOO) with an estimated heat release
rate (HRR) temperature versus time profile. Diesel pool fires are difficult to ignite, but they grow rapidly
to high values of HRR for a period of time and decay quickly. This was simplified to a top hat shaped
profile using the estimated maximum steady state HRR of the actual pan fire calculated to be 908 kW in
Section 3.7.1 and then adding an ultrafast growth and decay profile. Using an average formula for diesel
of C;,Hy; gives a molecular weight of 167 g/mol, which is an input requirement for the CFAST model
fire object properties. With the fire load calculations made, the properties of the fuel and HRR curve
were entered into the fire properties file, as shown in Figure 4-1, and the model was run to simulate the
enclosure fire.
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Figure 4-1. CFAST Design Diesel Fire Properties to Represent Open Diesel Pan Fire

4.1.3 CFAST Model Results

Figure 4-2 shows one image from a Smokeview animation of the simulated fire plume, interface height
and mass transfer of gases through the compartment door for a CFAST model run using the actual burn
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room geometry and effective thermal properties with the FOO defined to simulate a 0.823 m® diesel pan
fire as a 908 kW fire lasting 3 min. The figure represents the fire compartment development at 150
seconds after ignition with the door opening fraction set at 33%. The Smokeview animations for the fire
model were useful in gaining a visual appreciation for the predicted fire plume height and flame
impingement, the way the hot gas layer develops, the interface height and the mass transfer of gases
through the door.

i el o e Bugor Brue] —

Figure 4-2. CFAST Model Smokeview Animation Showing the Diesel Fire Plume, Interface height and
Gas Mass Transfer through the Compartment Door 150 seconds after Ignition

Figure 4-3 shows results of simulations in which the opening fraction of the burn room door was
iteratively altered. Examination of the plot of average upper layer temperature versus percent opening
fraction, indicates that as the door opening fraction is increased from 25%-33%, the peak temperatures
increase after which they level off for opening fractions between 33% and 40% and finally decrease again
for fractions larger than 40%. From the results, it was determined that the optimum door opening fraction
should be on the order of 33% since larger or smaller opening fractions resulted in lower predicted gas
temperatures.
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Figure 4-3. Prediction of average upper layer temperature for various door opening fractions as
determined using CFAST Model

The upper and lower gas layer temperatures and interface height were plotted for the simulation
conducted with a door opening of 33% and are shown in Figure 4-4. The figure indicates that the upper
gas layer temperatures in the burn compartment would reach 600°C in 70 sec after ignition and continue
climbing to a peak of 763°C after 210 sec, after which they would decay again as the fuel load burned out.
At the same time, the predicted lower layer average temperatures rose quickly to 300°C after 30 seconds
and continued on a steady climb, peaking at 490°C in 210 sec. The interface layer height was predicted to
drop to the floor within the first 20 sec after ignition, which did not seem realistic and is not desirable for
suppression testing. Whether this result was realistic had to be confirmed later through the compartment
characterization fires discussed in Section 4.2. These results indicated that the design fire would be
sufficient to provide a sustained fully developed fire environment with peak temperatures being obtained
at a compartment door opening fraction of 33%, which corresponds geometrically to the burn room door
being held open at 30 cm.
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Figure 4-4. Upper and Lower Gas Layer Temperature Evolution and Interface Height [m] of CFAST
Model Diesel Fire Simulation

4.2 Characterization Tests

With the free burn data from the large calorimeter and the predicted results from the CFAST model
complete, fire characterization testing in the burn room was conducted with all instrumentation running as
a final stage before aerosol extinguisher testing. The characterization tests were conducted to confirm the
fuel load, fire size and burning time, test the instrumentation under fire conditions, and better determine
the actual compartment environment that was developed for a 33% opening fraction of the burn room
door.

The average upper layer gas temperatures measured with time during the four characterization
tests conducted at a door opening fractions of 30 cm (33%), 40 cm (44%), 50 cm (55%), and 60 cm (66%)
respectively are shown in Figure 4-5. It can be seen from the figure that the initial growth stage from
ignition to 60 sec is similar for all four door openings between 30 and 60 cm. After the first minute, the
temperatures rise faster and the fuel burns out more quickly with larger door openings. Therefore, this
testing revealed an opposite trend in comparison to results predicted using the CFAST model, as it
indicated hotter upper gas layer temperatures with increase in the door opening fraction over 33%.
However, the total burning time of the fuel was the trade-off, so an opening of 30 cm was chosen as the
final test configuration. In addition, several other factors were considered in the final choice of door
opening used in the aerosol suppression tests. These are discussed in more detail below.
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Figure 4-5. Measured Average Upper Layer Gas Temperatures at 2.0 m from the floor for Various Door
Openings

The IMO protocol and the expected naval SOP both require the burn room to be confined, i.e., the
burn room door to be closed, immediately following activation of an aerosol unit and its insertion into the
fire compartment. To aid in better determining the test conditions and door opening required for the
present suppression tests, an additional test was conducted to understand the impact on the fire of closing
the compartment door without discharge of an aerosol unit. This test was conducted for comparative
reasons as well, since it was considered critical to understand the effect of ventilation control on the fire
so that the effect of the aerosol agent by itself could be better quantified. Figure 4-6 below shows plots of
average temperature versus time at various heights in the compartment during an open diesel
characterization fire with the door opening set at 30 cm (33%). The fire was allowed to grow and reach
the fully developed stage, and then the compartment door was closed, at 180 seconds after ignition. It is
clear from the Figure that for this door opening, the upper layer gas temperatures reached 700°C (2.0 m)
while lower layer temperatures reached 320°C (0.5 m). In addition, closing the door resulted in fire
extinguishment and a consequent rapid decrease in the average temperature across all eight horizontal
planes within the compartment. Based on these results, it was decided that the impact on a fire of aerosol
extinguishing methods should be assessed in the situation when the compartment ventilation
configuration was not altered during the test to ensure that the suppression effects identified were
attributable largely to the effect of the aerosol agents alone. For this, it was decided to use a 30 cm door
opening, which equates to approximately 33% of the fully open position. A 30 cm door opening was the
minimum opening that provided a fire environment with the longest steady state burning period and upper
gas layer temperatures above 500°C. At this opening, the quantity of aerosol agent that could escape
during suppression was also minimized. Finally, a 30 cm opening is the minimum opening that allowed
placement of an extinguisher unit inside the compartment without opening and closing the door.
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Figure 4-6. Effect of Closing the Compartment Door during an Open Diesel Fire as measured via average
compartment temperature at different heights within the compartment

4.3 Assessing Suppression Effects

Another key reason for conducting a series of compartment characterization tests was to aid in the
development of measures by which the effectiveness of aerosol suppression could be determined.
Development of a standard procedure for measurement of suppression ‘effectiveness’ was required to
allow comparison of results across various tests. Three measures were investigated for this evaluation.
These are: the cooling rate of the average upper gas layer, the cooling effect on the compartment, and the
effect of aerosols on the average thermal stratification within the compartment. Each is discussed in its
own section below. The challenge in each case was to establish the correct average temperatures for valid,
consistent and repeatable comparison. The decisions made and methods chosen for assessing suppression
effects are explained and justified below in subsections 4.3.1 to 4.3.5.

4.3.1 Average Upper Gas Layer

The greatest rate of cooling during live fire suppression of a fully developed compartment fire is seen in
the upper gas layer where buoyancy has taken the majority of the hot fire gases. As such, the rate of
cooling of the upper layer gases forms an excellent benchmark against which to compare the impact of
various suppression methodologies. To evaluate this cooling rate across the entire upper gas layer in these
studies, several measures of average temperatures were assessed. This was necessary to be sure that any
test-to-test variability in the large-scale motions of the hot layer and/or flame impingement on the

44



compartment ceiling was not negatively impacting the values of average upper layer temperatures. From
comparisons of average upper gas layer temperatures calculated from characterization fire data, the
simplest and most consistent methods of averaging data across thermocouples were 1) taking the average
of all six of the vertical TCs at a height of 2.0 m above the compartment floor and 2) taking the average of
all 32 of the horizontal TCs at 2.1 m above the compartment floor. Figure 4-7 shows plots of each of these
average temperatures versus time for an open diesel characterization fire, revealing that although the
average of the 32 horizontal thermocouples was consistently 13% higher than that of the six vertical
thermocouples, both sets of data for average temperature exhibit the same trends with time. The higher
temperatures measured via the horizontal thermocouples are due to the fact they are positioned 10 cm
higher above the floor of the compartment than the others and also that the values include some effects of
direct flame impingement on the thermocouples for those thermocouples positioned directly above the
diesel pool fire. The fact that both average values of upper layer temperature consistently follow the same
profile across time suggests that either set of average temperatures could be used to assess a valid cooling
rate in a repeatable manner. It also shows that the effects of flame impingement on the averages across the
horizontal TCs are not particularly adverse. Conversely, this comparison shows that the average of the six
TCs positioned at 2.0 m above the compartment floor on the vertical rakes represents a good average
upper gas layer temperature. The positioning of the vertical rakes within the burn room is such that they
measure accurate gas temperatures without being adversely effected by heat losses to the side walls. For
ease of data analysis across all tests, it was decided to utilise the average temperatures determined from
the six TCs on the vertical rakes to represent the average upper gas layer temperature on the horizontal
plane 2.0 m above the floor of the burn room. This average temperature was therefore used in all
assessments of upper layer temperature cooling rates during suppression testing.
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Figure 4-7. Comparison of Average Upper Gas Layer Temperatures for Open Diesel Fires, Showing the
Average of six TCs at 2.0 m compared to the Average of all Upper Layer TCs at 2.1 m
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4.3.1.1 Upper Layer Temperature Repeatability

Once the method for determination of average upper gas layer temperature had been determined, it was
also important to ascertain the uniformity and repeatability of the average measured upper gas layer
temperatures across multiple tests conducted under varying ambient conditions in order to accurately
understand and compare suppression cooling rates amongst tests. Given that all suppression activity
occurs within 3 min of diesel ignition, Figure 4-8 was developed to display the variations of the average
upper gas layer temperatures, as defined above, for three separate characterization tests. Each test was
conducted with the door held open at 30 cm. As shown in the figure, the average upper layer temperatures
are fairly uniform across multiple tests even when initial compartment temperatures and ambient
conditions vary. For example, the ambient temperature for tests 1 and 2 was 19°C, whereas the ambient
temperature for test 3 was 39°C. Additionally, test 2 was conducted following test 1 giving an initial
compartment temperature for test 2 of 76°C. The average deviation in the temperature data represented in
Figure 4-8 is 21°C (approximately 3.5%), while the minimum and maximum deviations are 2.4°C and
34°C respectively. Despite this consistency, it was decided to conduct pre-burns at the start of each live
fire testing day in order to raise the initial internal compartment temperature to approximately the same
value and to reduce the moisture level in the compartment insulation. This was expected to further
improve the uniformity of the average upper gas layer temperatures developed during suppression testing.
Wind baffles were also installed at the front of the compartment to reduce any effects of ambient wind
conditions on the development of the compartment fire environment or subsequent suppression activity.
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Figure 4-8. Repeatability of the Average Upper Gas Layer Temperatures Using Average of TCs at 2.0 m
from ignition of an open diesel fire to 3 minutes after
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4.3.2 Average Thermal Stratification

Thermal stratification within the compartment is an important indicator of the fire environment prior to
suppression and can also be used for assessing the total cooling effect a suppression method has on the
compartment environment. Whilst in reality the interface height is not located at a constant distance
below the ceiling throughout a compartment in a real fire, fire modelling programs such as CFAST cannot
resolve variations in stratification within the compartment and, instead, represent the environment using a
single horizontal interface height to separate the upper hot and lower cool gas layers. In this work, it was
found that, as expected in a real fire situation, the temperature, as a function of height within the
compartment, varied from front to back due to the flow of gases into and out of the compartment, heat
losses to walls and ceiling, and proximity of a given measurement location to the fuel load. The
measurements show an interface height that was lower in the back of the compartment near the fire source
and higher towards the front where the hot gases were flowing out the door. Using the temperature
measurements from the same open diesel characterization fire as discussed in section 4.3.1, thermal
stratification plots were developed for the rear, middle and front of the compartment to understand the
longitudinal variation in interface height within the burn compartment. The rear stratification was taken
by averaging the back two vertical TC rakes and plotting the temperature as a function of height for 1, 2,
3, and 4 minutes after ignition of the fire. The same process was followed to determine the stratification in
the middle and front of the compartment by averaging the two middle and the two front vertical TC rakes
respectively.  Figure 4-9, Figure 4-10, and Figure 4-11 show the rear, middle and front stratification
profiles respectively. From these three plots for the same fire, the longitudinal variation in the
compartment interface height and stratification is clearly represented. At the rear of the compartment,
temperatures vary almost linearly with height in the early stages of fire development, but by 4 minutes
after ignition, temperatures are less stratified at the rear of the compartment, ranging from approximately
475°C at the floor to 760°C at the 2.0 m height since this region is very close to the fire and the hot layer
has effectively dropped to the floor. The stratification reverses above the 2.0 m height with cooler
temperatures being due to heat transfer through the ceiling of the compartment. The stratification profiles
in the middle of the compartment, Figure 4-10, again show large vertical temperature differences from top
to bottom of the compartment with a clearly marked interface between a hotter upper layer and relatively
cooler lower layer temperatures. At the 4 minute mark the temperatures are more stratified than the rear
of the compartment with temperatures ranging from 290°C at the floor to 735°C at the 2.0 m height. The
greatest temperature difference from floor to ceiling is seen in the stratification profiles at the front of the
compartment, Figure 4-11, which also show a clearly marked upper hot layer and cooler lower layer due
to cool air feeding the fire through the lower one-third of the door. Again looking at the 4 minute mark,
the temperatures at the floor were 170°C, while the temperatures at the 2.0 m height were 655°C. The
wavy profiles in Figure 4-11 may be an indication of the effects of turbulent gas flow and its impact on
the average temperatures at various heights during the fire development. This is consistent with both rear
and front profiles since these TC rakes are just forward of the fuel load in the compartment.
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Figure 4-9. Rear Thermal Stratification of Burn Room for an Open Diesel Fire Taken from the Average of
the Rear Two Vertical Thermocouple Rakes (V1 and V2) Over Four Time Intervals after Ignition
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Figure 4-10. Middle Thermal Stratification of Burn Room for an Open Diesel Fire Taken from the
Average of the Middle Two Vertical Thermocouple Rakes (V5 and V6) Over Four Time Intervals after
Ignition
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Figure 4-11. Front Thermal Stratification of Burn Room for an Open Diesel Fire Taken from the Average
of the Front Two Vertical Thermocouple Rakes (V3 and V4) Over Four Time Intervals after Ignition

Given the longitudinal variation in thermal stratification within the fire compartment, it was of
interest to determine if a single average profile could be used to accurately represent the global
environment within the compartment for the purpose of measuring total cooling during aerosol
suppression. Figure 4-12 shows averaged thermal stratification profiles across all six vertical TC rakes for
the same open diesel fire for the four times given above. From this Figure, it can be seen that the averaged
profile does capture many of the key elements of the previous three profiles in that the hotter temperatures
at the lower rear of the compartment have tempered the lower portion of the average profile while upper
layer effects from the front of the compartment can be seen in the upper portions of the averaged profile.
It was therefore proposed to use this average stratification profile as a reference by which to measure the
total compartment cooling during each suppression test and to distinguish the impact of aerosol
suppression on thermal stratification in the fire compartment.

To confirm the validity of using the average profile for these determinations, a sensitivity analysis
was conducted for three open diesel fire suppression tests. The cooling effects at the rear, middle, and
front of the compartment were independently calculated and the results were compared to the cooling
effect determined by using the total average thermal stratification. The method and results of the
sensitivity analysis are discussed in Section 4.3.5.
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Figure 4-12. Average Thermal Stratification of Burn Room for an Open Diesel Fire Using the Average of
all Six Vertical TC Rakes over Four Time Intervals after Ignition

4.3.3 Assessing Cooling Rate

Once the average upper gas layer temperature was defined, a method for consistently assessing cooling
rates could be determined, allowing suppression efficacy to be measured. The cooling rate was defined as
the maximum decrease seen in the average upper layer gas temperatures from the onset of suppression to
60 seconds after the onset of suppression, which is a similar method to those successfully utilized in
previous testing in the UW burn room [59]. The challenge was then choosing a consistent time by which
to mark the onset of suppression for comparison of the cooling effects of oxygen starvation (closing the
door) alone against the cooling effects seen during use of the two variants of handheld aerosol
extinguishers. Since the DSPA 5-4 had a fuse delay of approximately 6-10 seconds, and StatX FR unit
had a fuse delay of approximately 3.5-5 seconds (Table 3-1 refers) using the fuse start time would not
give consistent results. Furthermore, the discharge times for the two units differed, being approximately
25 seconds and 20 seconds respectively for the DSPA 5-4 and the StatX FR units. As a result, it was
decided to use the peak average temperature in the entire compartment (average of all 48 vertical TCs)
immediately before suppression to mark the temperatures and times corresponding to onset of suppression
in all cases. Using this method, any lateral and axial variations in temperature within the compartment
were accounted for. Figure 4-13 shows a plot of the average upper gas layer temperature versus time for
an open diesel characterization fire with the door initially open 30 cm, but subsequently closed once a
fully developed fire environment was achieved. This was the same fire test discussed in Section 4.2 and
plotted in Figure 4-6. Using the method above, the peak average temperature of the compartment was
determined to be 519°C and occurred at 190 seconds after diesel pan ignition. The average upper gas layer
temperature (2.0 m height) at 190 seconds was 688°C, indicating that the fire environment did simulate
that of a fully developed fire before suppression. Looking 60 seconds later, 250 seconds after ignition,
the average upper gas layer temperature had cooled to 399°C. Therefore, the cooling rate by oxygen
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starvation on the open diesel fire was calculated to be 289°C/min or 4.8°C/second. It is by this method
that cooling rates for all aerosol suppression tests were determined.
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Figure 4-13. Cooling Rate of the Upper Gas Layer by Oxygen Starvation on Open Diesel Fire
4.3.4 Assessing Total Cooling Effect

Total cooling effect is a means of assessing the overall impact of a suppression method, agent or
mechanism on the compartment fire environment based on differences in average compartment
temperature before and after suppression as a function of vertical height. This is to say that it is a measure
of the difference in thermal stratification within the compartment from the onset of suppression to a
period of time following suppression. As defined in section 4.3.3, the onset of suppression is again taken
as the time corresponding to the peak average temperature within the entire compartment. Figure 4-14
shows profiles of average temperature with height above the floor of the compartment, i.e. thermal
stratification within the compartment, for the same fire as was discussed above, from the onset of
suppression to 60 seconds after closing the door. Taking the difference between the two profiles plotted in
Figure 4-14, the plot in Figure 4-15 is obtained. It represents the average compartment temperature
difference as a function of height that occurs as a result of oxygen starvation of the fire (closing the
compartment door). By integrating (or finding the area under) the curve in Figure 4-15, a measure of total
cooling throughout the compartment is obtained in the units of centimeters-degrees. Since the temperature
axis is temperature difference, the total cooling effect can be represented in either centimeters-Kelvin
[cm'K] or in centimeters-degrees Celsius [cm.’C]. For the purpose of this report, the total cooling effect
figures are represented in centimeters'Kelvin [cm'K] and the integrated values are divided by 1000 to
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give a number in meters'Kelvin [m'K]. The method of integration used for the x and y axis orientation of
Figure 4-14 is the trapezoidal rule as:

[} f)dx = S50 iy + %) (s — ¥ [16]

The integration of Figure 4-15. Average Compartment Temperature Difference from Oxygen Starvation
of an Open Diesel Fire yields a total cooling effect of 54003 cm'K or 540.03 m'K.
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Figure 4-14. Average Effect of Oxygen Starvation on Thermal Stratification for an Open Diesel Fire
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Figure 4-15. Average Compartment Temperature Difference from Oxygen Starvation of an Open Diesel
Fire

4.3.5 Total Cooling Effects Sensitivity Analysis

Values of the total compartment cooling as determined above were then used as a comparative measure of
suppression efficacy between the two variants of handheld aerosol extinguishers and the method of
oxygen starvation alone. For this, it is important to ensure that the use of the global average compartment
temperature differences outlined in Section 4.3.2 is appropriate. Therefore, to confirm the validity of
using an average compartment thermal stratification, a sensitivity analysis was conducted. In this
analysis, the total cooling effects were calculated as described above for the front, middle and rear of the
compartment for three separate fire tests and compared to the average global cooling effects for the same
tests to determine if the trends in values were similar in all cases. The three open diesel fire tests used for
the sensitivity analysis were: Test la: StatX FR, Test la: DSPA 5-4 and the diesel fire characterization
test where the burn room door was closed. The global, rear, middle and front temperature differences on
all eight vertical heights were determined using the same process as outlined in Section 4.3.4. Results are
listed in Table 4-2 for each of the three tests. To represent the sensitivity of the results to height above
the compartment floor, Figure 4-16 shows the global average temperature differences from peak
compartment temperature (as the onset of suppression activity) to 60 seconds after for each of the three
test cases. Next, to highlight the temperature differences obtained using values of temperature measured
by thermocouples on the rakes at the rear, middle and front of the shipping container burn room, Figure
4-17, Figure 4-18, and Figure 4-19 respectively are provided. These plots clearly indicate that there are
variations in the magnitudes and distribution of temperature differences at various positions within the
compartment during suppression activity. The key question, however, is to determine if there was any
significant variation in the relative values of compartment cooling integrated using temperature
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differences measured at the rear, middle or front of the compartment. Further, it was of interest to see if
the values from each of the above followed the same trends as those determined using the global average
temperature differences for the entire compartment. Values of total compartment cooling for all four
scenarios (global, rear, middle, and front temperature differences) were calculated and are listed in Table
4-2. They are also shown graphically in Figure 4-20. Analysis of the integrated cooling values for all four
scenarios shows that there is certainly a variation between the individual values of total cooling. In
general, however, independent of the location of temperature profiles that are used to determine the
integrated value of compartment cooling, the test-to-test trends in the results are consistent. The
compartment cooling observed during the Stat-X FR test was always the lowest, during the DSPA 5-4 test
was always the highest and the cooling during the compartment confinement test (i.e. closing the door)
fell in the middle. These results suggest that integrated values of compartment cooling based on the rear,
middle or front compartment temperature differences vary in the same way as do those integrated from
the global average compartment temperature differences. Based on this sensitivity analysis and interest in
determining global compartment cooling during suppression, it was concluded that the global average
compartment temperature differences would be used for comparative analysis of suppression efficacy
throughout this work.

Table 4-2. Temperature Difference and Total Cooling Effects Location Sensitivity Comparison

Test Temperature Difference from Peak Compartment Temperature to 60 seconds Total Cooling
0.0m 0.5m 0.8m 1.1m 1.4m 1.7m 2.0m 23m Effect [m'K]
la: StatX FR 71 130 171 235 284 278 294 236 484
Average Global
. la: DSPA 5-4 86 164 233 299 322 295 310 226 558
Cooling Effects
Closed Door 62 169 270 274 295 292 289 206 540
Rear (V1/V2) la: StatX FR 40 76 69 116 119 194 200 168 275
. la: DSPA 5-4 116 204 281 342 276 276 285 261 588
Cooling Effects
Closed Door 66 137 278 268 263 275 290 251 521
Middle (V5/V6) la: StatX FR 60 152 216 288 260 283 270 189 499
R la: DSPA 5-4 116 193 297 429 385 394 322 219 687
Cooling Effects
Closed Door 94 248 348 380 350 365 320 197 681
Front (V3/Va) la: StatX FR 23 107 131 150 254 187 209 132 348
. 1a: DSPA 5-4 63 152 187 207 358 239 270 185 482
Cooling Effects
Closed Door 28 122 190 177 277 237 258 170 423
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Figure 4-16. Compartment Cooling with Height for Three Open Diesel Fire Suppression Tests Using the
Global Average Compartment Temperature Differences
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Figure 4-17. Compartment Cooling with Height for Three Open Diesel Fire Suppression Tests Using the
Rear-Compartment Temperature Differences
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Figure 4-18. Compartment Cooling with Height for Three Open Diesel Fire Suppression Tests Using the
Middle-Compartment Temperature Differences
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Figure 4-19. Compartment Cooling with Height for Three Open Diesel Fire Suppression Tests Using the
Front-Compartment Temperature Differences
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Figure 4-20. Comparison of Compartment Cooling Effects Calculated for Three Open Diesel Fire
Suppression Tests Using Global (1), Rear (2), Middle (3), and Front (4) Temperature Differences

4.4 Actual Thermal Properties of the Burn Room Composite Wall
Construction

Upon completion of the compartment characterization fires, it was determined that the CFAST predicted
compartment temperatures were consistently higher than the measured compartment temperatures.
Understanding the possible reasons for this discrepancy is important to both the analysis of aerosol
suppression effects and to use of the model for experimental design for future work utilizing the UW burn
room.

The higher CFAST predicted temperatures suggest that more heat is lost from the compartment
during an actual fire than is assumed or calculated by model. The CFAST model references operator
inputs for the effective thermal properties to represent the composite wall construction of the shipping
container as outlined in the model development Section 4.1.1. The thermal properties were determined
using the results of the live compartment fire tests to learn whether or not the effective thermal properties
inputted into the CFAST model are accurate in reality. Based on the lower compartment temperatures
experienced, the aim is to determine if the heat loss is the result of higher than predicted thermal
conductivity through the compartment walls and ceiling. Looking at the global energy balance, it is
known that the overall heat transfer by conduction is equal to the overall heat transfer by convection as
follows [54]:

q"conduction = q"convection [17]
'll k
q conduction = I (T, —Ty) [18]
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cI'"convection = h(T, — Te) [19]

2(Ty—Ty) = h(T; —Te) [20]

Using temperature data obtained during compartment fire characterization tests, the thermal
conductivity, k, of the compartment was estimated by re-arranging the heat transfer equations to solve for
k. The ambient temperature during this test was measured in real-time and is shown in Figure 4-21, while
the internal and external side wall surface temperatures at a height of 170 mm (in the upper gas layer) are
shown in Figure 4-22.
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Figure 4-21. Ambient Air Temperature During Live Compartment Characterization Diesel Fire
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Figure 4-22. Internal and External Wall Surface Temperatures at 1.7 m from the Burn Room Floor

With the total wall thickness of 0.0545 m and assuming an average convection coefficient of 12
W/m’K [54], the thermal conductivity of the shipping container walls may be calculated as follows:

T-Tam
Kyau = (0.05405m)(12W /m? - K) [ZTTZb] [21]

Figure 4-23 shows the calculated results for £,,, throughout the live fire test using
characterization fire temperature data from both Figure 4-21 and Figure 4-22.
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Figure 4-23. Calculated Thermal Conductivity of Burn Room Walls

CFAST cannot accommodate temperature dependent thermal properties, which is why the
average effective properties were calculated and input to the model. Looking at the live compartment
fires, the average coefficient of thermal conductivity was determined to be 0.23 W/mK. This is
significantly higher than the effective thermal conductivity calculated and input to the CFAST model,
which was a k., of 0.0403 W/m'K. . The higher conductivity of the walls derived from the test results
suggests a greater heat loss through the walls than calculated using the CFAST model which accounts, at
least in part, for the higher predicted temperatures from the model. One reason is that CFAST assumes
that the specific heat of the wall and ceiling materials does not vary as a function of temperature, which is
not true in reality [70]. From Figure 4-23, the time to 150 sec looks like the wall is not heating
significantly so that measured value would be expected to be closest to 0.04 but may be slightly higher
because of moisture in the walls. Then after 150 secs the walls start to heat up and the impact of
temperature variations in k become more noticeable. Another likely reason for an increase in the actual
conductivity is moisture ingress saturating the ceramic fiber insulation in the burn room walls. This is
supported by the observation that significant amounts of steam were observed to emanate from under the
aluminum cladding during the fire tests even though no water suppression was utilised. Both of these
factors would contribute to the much higher thermal conductivity, and therefore higher heat losses,
apparent in the real fire situation.

4.5 Compartment Characterization Summary

This chapter has outlined results of characterization of the UW burn compartment using both computer
numerical simulation methods and by live full-scale compartment characterization fires. These were used
to predict and then confirm the fully developed fire environments essential to repeatable aerosol
suppression testing. Optimum ventilation factor by means of compartment door opening fraction was
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evaluated and determined to be best set at 30 cm (33%) in order to prevent oxygen starvation while still
minimising the amount of aerosol dispersal and exit from the compartment. The compartment
environment was confirmed to be consistent and repeatable through several live fire tests in different
ambient conditions. The effects on the test fire environment of oxygen starvation of the fire by means of
closing the compartment door were also established. This allows the effects of oxygen starvation to be
understood in isolation of aerosol suppression, which then allows the efficacy of aerosol suppression
alone to be quantified, compared and evaluated. Next, methods of averaging the experimental data and
evaluating suppression efficacy were developed and validated, allowing for upper gas layer cooling rate,
impact on thermal stratification and total compartment cooling effects to be consistently determined for
each suppression test. Finally, the actual thermal properties of the UW shipping container were
calculated to understand the real thermal properties of the walls and ceilings as they relate to heat loss
during live fire testing. Upon successful characterization, the burn room and fuel loads were ready for
live fire testing, and a well characterized and repeatable fire and compartment environment were
established, enabling the accurate data acquisition and analysis necessary to determine aerosol agent
efficacy and to facilitate head-to-head comparison of the two variants of aerosol extinguishers.
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5 Aerosol Suppression Tests

Using the experimental design, test set up and data calculation methods determined through the
characterization tests, the aerosol suppression tests were conducted. In the first series, the aerosol units
were evaluated against three fire scenarios that are representative of the challenging marine machinery
space fires and one general on-board fire scenario of interest to the RCN. The first scenario was a 0.905 m
x 0.910 m (0.82 m?) open diesel pool fire in the UW Burn Room test compartment. The second was an
obstructed diesel pool fire in the same compartment where a 1.4 m x 1.3 m x 0.46 m steel structure was
suspended 0.40 m above the floor and 0.21 m above the surface of the diesel pool fire to simulate an
engine enclosure fire. The third scenario involved the same obstructed fire in the compartment; however,
in this scenario, the extinguisher was activated and placed into the pan of water 0.3 m deep located under
the burning diesel fuel to simulate an aerosol suppression unit falling into a watery bilge during
suppression of the fire. The final scenario was a wood crib fire in the same compartment designed to
simulate a general Class A fire in a shipboard compartment.

A series of tests designed to investigate key characteristics of the aerosol agent alone (agent only
tests) were also developed and conducted in the UW shipping container. In these tests, the aerosol unit
was discharged into a compartment without a fire and aerosol dispersion, particle suspension and settling
and the consequent obscuration of vision were observed throughout the compartment, while temperature
and gas concentration data were collected to assess any heat and toxic gases that might be generated
during discharge of the unit. Functioning electronic devices were placed within the compartment for
several of the agent only tests to assess the possibility of aerosol powder residue build-up on the
electronics and what impact that might have on the subsequent operation of the devices. Finally, a fully
outfitted firefighter with SCBA was situated in the closed compartment during agent only tests to evaluate
powder residue on the breathing apparatus (BA) and personal protective ensemble (PPE) and to conduct a
series of fuel re-ignition tests using a butane lighter.

In the following sections, the fire suppression test programme details are first outlined and then
results of the tests for each fire scenario are presented and discussed in Sections 5.3 through 5.7. The
agent only tests and the corresponding results are then outlined separately in Chapter 6.

5.1 Suppression Test fires and Programme

The tests undertaken in this study used four different basic fire configurations with configuration, fuel and
fire sizes as described in Table 5-1 below. These included Fire A which is the basic diesel fire used in the
open and obstructed diesel fuel fire tests, as well as Fire B which is the basic wood crib fire used in the
Class A fire scenarios. Fire C is a small methanol fire that was used to ignite the softwood crib fires,
while Fire D is a butane torch fire used in the investigation of possible re-ignition after suppression using
an aerosol unit.

The various fire configurations are used to fuel the five different fire scenarios as outlined in Table 5-2.
Each test listed in the Table was conducted for both aerosol units, with some repeat tests, for a total of 16
suppression tests.
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Table 5-1

. Parameters of Suppression Test Fires

Fire Type Fuel Fire Size, MW
A 0.82 m” with 10 € of Diesel 0.9
Diesel over a 105 £

water base

B Softwood crib Spruce 0.12

C 0.1 m’ tray with 0.2 € Methanol 0.03
methanol

D Butane Lighter Butane 0.0005

Table 5-2. Aerosol Suppression Test Programme

Test No. Fire Suppression Test Scenarios
1A Fire A: 0.82 m” tray as unobstructed diesel pool fire
1B Fire A: 0.82 m” tray as unobstructed diesel pool fire (repeat)
A Fire A: 0.82 m” tray as obstructed diesel pool fire under engine enclosure mock-up
B Fire A: 0.82 m” tray as obstructed diesel pool fire under engine enclosure mock-up
(repeat)
Fire A: 0.82 m’ tray as obstructed diesel pool fire under engine enclosure mock-up;
3A activate extinguisher and slid into fuel pan to simulate units falling into a watery bilge
Fire A: 0.82 m” tray as obstructed diesel pool fire under engine enclosure mock-up;
3B activate extinguisher and slid into fuel pan to simulate units falling into a watery bilge
(repeat)
4 Fire B: 4 softwood cribs near back wall of test room as unobstructed Class B fire with
Fire C: As an ignition source — 1 methanol ignition fire
Fire D: Activate unit in burn room and continually attempt spark-ignition of butane in
5 the aerosol environment. Also expose electronic devices to aerosol and assess noise

and obscurity.

5.2 General Test Procedure

For each test, the compartment was first preheated with a 2-3 minute pre-burn diesel fire. Following this,

the main

burn compartment. The aerosol extinguisher was then activated and placed on the floor just inside the
door of the test compartment, positioned to allow the discharged aerosol particles to be drawn to the fire

along the

of handheld aerosol systems at UW had determined that placement of the aerosol units was critical to ensure
integrity of agent distribution from different aerosol unit designs, consistent placement of the extinguishers

was done

test also allowed better analysis of aerosol suppression efficacy as no changes in test fire characteristics

test fire was burned until steady state, fully developed fire conditions were established in the

path of cool ambient air entering the compartment and feeding the fire. Since preliminary testing

to facilitate test to test repeatability so that comparative data could be collected to determine the
impacts of different aerosol units on the compartment fire environment. Pre-set location of the units for each
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arose due to changes in compartment ventilation and, as such, a consistent scenario was developed for
evaluation of the units. Through the discussion, results obtained in this research using pre-set aerosol
locations are combined with existing UW information on possible influences of location and movement of
aerosol units during fire suppression activity to better identify issues associated with integrity of agent
distribution during knock down operations that might be undertaken by RRTs and RATs in fighting fires on
board ship.

Pertinent details of the methods used, as well as results from the fire suppression tests are presented and
discussed in the following several sections. The body of each section contains representative graphs that
summarise the tests and convey the important results. All raw data, video and thermal imaging files are
available for research purposes on request.

5.3 Aerosol Suppression Tests Results and Discussion

The results from all suppression tests are presented and discussed in this section. The body of this section
contains sufficient graphs to summarise the tests and convey the results in a concise manner as they
pertain to particular discussion points.

5.4 Discussion of Tests 1a and 1b: Open Diesel Fire Suppression

5.4.1 Fire Suppression Techniques for Tests 1a and 1b

Test 1a and 1b were two identical open diesel fire suppression tests conducted for both the StatX FR and
the DSPA 5-4 handheld extinguishers (for a total of four experiments). The compartment setup for this
test is shown in Figure 5-1. The results are utilized to evaluate the three key elements discussed above in
terms of suppression efficacy: cooling rate of the upper gas layer, total cooling effect on the compartment,
and average effect on thermal stratification. Measured concentrations of oxygen and carbon dioxide are
also presented since these are also directly proportional to fire growth and decay. As such, they serve as
additional indicators that further outline some of the effects of aerosol suppression on the open diesel fires
discussed here.

For each open diesel fire suppression test, a 3 € diesel pre-burn was conducted to heat the
compartment and to drive as much moisture as possible from the ceramic fibre insulation in the
compartment walls. Upon completion of the pre-burn, 10 £ of diesel fuel was added to the 105 € water
substrate in the fuel pan and the freeboard height was adjusted to 1 cm by adding or removing water.
Thermocouple and gas analysis data acquisition was started and the video recordings commenced for
internal colour and low wavelength cameras, internal IR camera and external colour video camera.
Ambient conditions were recorded and the 10 £ diesel fuel load was ignited via propane torch on an
extension handle. The compartment door was fixed at 30 cm for an initial burn period of approximately 2
min or until the average upper gas layer reached approximately 550°C, whichever came first. At this
point, the aerosol unit under test was activated and placed precisely on the floor inside the door frame
without changing the opening fraction of the door itself, thereby minimising test to test variability that
might be caused due to changes in ventilation and/or location of the aerosol units. The activation time and
discharge duration of the units were recorded and visual observations were made throughout the
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suppression tests. Temperature, gas concentration, and video data were analysed after the test to
determine the suppression efficacy of aerosol agent in each test.

Figure 5-1. UW Shipping Container Burn Room Setup for Test 1a and 1b, Open Diesel Fire Suppression
5.4.2 Suppression Results for Test 1a: StatX FR Open Diesel Fire

The StatX FR unit in Test 1a successfully suppressed and then extinguished the open diesel fire. A plot of
the average compartment temperatures determined using thermocouples positioned 2 m above the floor of
the compartment versus time is shown in Figure 5-2. From the Figure, the cooling rate in the
compartment from the onset of suppression to 60 seconds after suppression was determined to be
296°C/min or 4.9°C/second. The effects of aerosol suppression on compartment thermal stratification are
represented in 10 s intervals in Figure 5-3, and the average temperature difference vertically in the
compartment is shown in Figure 5-4. Integrating the curve in Figure 5-4 indicates a global cooling effect
in the compartment of 484 m'K. Oxygen and carbon dioxide concentrations throughout the suppression
test are plotted in Figure 5-5, showing the decrease in oxygen concentration and the increase in carbon
dioxide concentration as the fire grows, up to the onset of suppression. During suppression oxygen
concentration increases and production of carbon dioxide decreases. After the end of the test, both
concentrations return to atmospheric values representative of a fully extinguished fire.
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Figure 5-4. Test la: StatX FR Average Temperature Difference Due to Aerosol Agent from the onset of
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Figure 5-5. Test 1a: Stat X’s Carbon Dioxide and Oxygen concentrations as a result of aerosol

suppression

67



5.4.3 Suppression Results for Test 1b: StatX FR Open Diesel Fire

The StatX FR unit in Test 1b successfully suppressed and then extinguished the open diesel fire. A plot of
the average compartment temperatures determined using thermocouples positioned 2 m above the floor of
the compartment versus time is shown in Figure 5-6. From the Figure, the cooling rate was determined to
be 318°C/min or 5.4°C/second from the onset of suppression to 60 seconds after suppression. The change
in compartment thermal stratification during suppression are shown in 10 s intervals in Figure 5-7, and
the average temperature difference vertically in the compartment is shown in Figure 5-8. Integrating the
curve of Figure 5-8 gives a global cooling effect throughout the compartment of 518 m'K. Oxygen and
carbon dioxide concentrations are plotted in Figure 5-9, again showing the decrease in oxygen
concentration and the increase in carbon dioxide concentration as the fire grows up to the onset of
suppression. After suppression oxygen concentrations again increase and production of carbon dioxide
decreases with both concentrations returning to atmospheric values once the fire is extinguished.
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Figure 5-6. Test 1b: StatX FR Open Diesel Fire Upper Layer Temperature Cooling Rate after Aerosol
Released with the door kept open at 30 cm throughout
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Figure 5-9-Test 1b: Stat X’s Carbon Dioxide and Oxygen concentrations as a result of aerosol
suppression

5.4.4 Suppression Results for Test 1a: DSPA 5-4 Open Diesel Fire

The DSPA 5-4 unit in Test 1a successfully suppressed and then extinguished the open diesel fire. A plot
of the average compartment temperatures determined using thermocouples positioned 2 m above the floor
of the compartment versus time is shown in Figure 5-10. From the Figure, the cooling rate from the onset
of suppression to 60 seconds after suppression was determined to be 292°C/min or 5.2°C/second. Effects
on thermal stratification in the compartment are shown for 10 s intervals in Figure 5-11, and the average
temperature difference vertically in the compartment is shown in Figure 5-12. Integrating the curve in
Figure 5-12 indicates a global cooling effect of 558 m'K throughout the compartment. Oxygen and carbon
dioxide concentrations throughout the suppression test are plotted in Figure 5-13, showing the same
trends as in the previous tests.

Due to a communication error in this test, the fire was allowed to grow past an average upper gas
temperature of 550°C before suppression was initiated. At the two minute point, the average upper gas
layer temperature was 686°C. The higher threshold for “onset of suppression” yielded a higher relative
cooling rate and total estimated cooling effect obtained in this test in comparison to those from the other
tests where suppression commenced at upper gas temperatures closer to 550°C. In addition, the longer
burn time produced more carbon dioxide than seen in other tests, causing the respective gas analyser cell
to plateau for a few seconds at its maximum measurable level in parts per million (ppm) of 100,000 or
10%. This can be seen in Figure 5-13 at approximately 200 seconds, around the time of fire suppression.
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Figure 5-10. Test 1a: DSPA Open Diesel Fire Upper Layer Temperature Cooling Rate after Aerosol
Released with the door kept open at 30 cm throughout
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Released with the door kept open at 30 cm throughout
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Figure 5-13. Test 1a: DSPA’s Carbon Dioxide and Oxygen concentrations as a result of aerosol

suppression
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5.4.5 Suppression Results for Test 1b: DSPA 5-4 Open Diesel Fire

The DSPA 5-4 unit in Test 1b suppressed but did not fully extinguish the open diesel fire in sharp contrast
to the previous three tests. Therefore, in this test, an assessment of the level of suppression was obtained
by focusing on the period of time between the peak average compartment temperature and the lowest
average compartment temperature before the fire began to grow again which occurred at about 9 seconds
after the beginning of suppression. From Figure 5-14, the cooling rate from the onset of suppression to 9
seconds after suppression was determined to be 144°C/min or 16°C/second. The effects of aerosol agent
on the thermal stratification in the compartment are represented in 1.125 s intervals over this 9 second
period in Figure 5-15, and the average temperature difference vertically in the compartment is shown in
Figure 5-16. Integrating the curve in Figure 5-16 gives a global cooling effect of 218 m'K. Oxygen and
carbon dioxide concentrations throughout the suppression test are plotted in Figure 5-17, and show the
same trends before suppression as in all other tests. Fire suppression is then marked by increased oxygen
concentration and decreased production of carbon dioxide; however, since the fire was not extinguished
in these tests, the oxygen concentration begins to drop and carbon dioxide increase again as the fire began
to grow. The gas concentration results seen in this test clearly provide a secondary indication of how the
acrosol agent has interacted with the compartment fire environment in those situations where the fire is
not completely extinguished.
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Figure 5-14. Test 1b: DSPA Open Diesel Fire Upper Layer Temperature Cooling Rate after Aerosol
Released with the door kept open at 30 cm throughout
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Figure 5-16. Test 1b: DSPA 5-4 Average Temperature Difference Due to Aerosol Agent from the onset of
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Figure 5-17. Test 1b: DSPA 5-4 Carbon Dioxide and Oxygen concentrations due to Aerosol Suppression
5.4.6 Summary and Discussion of Test 1a and 1b: Open Diesel Fire Results

The summary of results contained in Table 5-3 and Figure 5-18 shows that the suppression efficacy of
both aerosol units was similar. Comparison with results outlined in Section 4.2 for the characterization
fire in which the door was closed and the fire starved of oxygen, further indicates that both sets of aerosol
suppression results mimic the effects of fire room confinement and oxygen starvation of an open diesel
fire. From the Table, it can be seen that cooling rates across the tests range from 4.8 — 5.4°C/s, with the
average cooling rate for the DSPA 5-4 being 5.3°C /s in comparison to 4.9°C /s for the Stat-X, both
slightly higher than the value of 4.8°C /s for fire confinement alone. The average total cooling index for
the DSPA 5-4, however, was very close to that for fire confinement with no aerosol, around 540 m-K,
while that for the Stat-X unit was lower at 484 m-K. With the exception of DSPA Test 1b, the fires were
suppressed and then extinguished, resulting in rapid temperature drops throughout the compartment.

It is important to note that for both sets of tests (1a and 1b) the compartment door was held open
at 30 cm throughout the experiment, meaning that a large percentage of aerosol agent may have escaped
without interacting effectively with the compartment fire environment. As such, the fact that the aerosol
agent demonstrated similar suppression and cooling effects on the fire as did closing the door (oxygen
starvation) is a positive note for their efficacy. In contrast, as seen via the negative result for the DSPA 5-
4 unit in Test 1b, ventilation conditions within the fire compartment can have a marked effect on aerosol
action. Although the aerosols did suppress the fire for three of the four test scenarios studied here, in other
tests conducted with the compartment door held open at 30 cm, it was found that the fire was not
extinguished when the aerosol units were activated right beside the diesel fuel pan. From the combined
results, it appears that the aerosol generation pathways must be aligned such that the cool air entering the
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fire compartment can effectively pick up the aerosol particles and thus carry the agent to the seat of the
fire. Otherwise, in a fully developed fire environment when the compartment ventilation cannot be fully
confined, the buoyant forces generated by the hot fire plume gases appear to overcome the ability of the
aerosol to fill the compartment, resulting in a large fraction of the agent being dispersed and expelled
from the compartment along with the hot fire gases before it has had a chance to interact both thermally
and chemically to suppress the fire. From preliminary research at UW, it is clear that the location of
aerosol activation is critical to the success of fire extinguishment in unconfined or, from the perspective

of naval fire scenarios, breached compartments.

Table 5-3. Summary of Test 1a and 1b: Open Diesel Fire Results

Ambient . Am?nent Ambient Peak Cooling Tot'al
Ambient Wind . Average Cooling
Test Temp Wind Rate
C] RH [%] Speed Direction Temp (°C/Secy** Effect
[m/s]* [°C] [m°K]
la: StatX FR 39 75 2.0-5.0 4 401 4.9 484
1b: StatX FR 19.4 72 0.5 SW 385 54 518
la: DSPA 5- 39 76 2.0-5.0 4 504 52 558
1b: DSPA 5- 20.6 58 0.8-0.9 S-SW 402 16%*#* 218
Closed Door 19 33 0.0-0.8 4 519 4.8 540

*Note 1: Ambient wind speed taken at door of compartment between wind blocks to assess air flow at
the door during suppression testing.

**Note 2: Cooling rates assessed from onset of suppression to 60 seconds after peak average temperature.
***Note 3: Cooling rate is only for 9 seconds between peak average and lowest average temperature since
the fire was not extinguished in this test.
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5.5 Discussion of Test 2a, 2b and 2c: Obstructed Diesel Fire Suppression

5.5.1 Fire Suppression Techniques for Test 2a and 2b: Obstructed Diesel Fire

Test 2 was designed to investigate fire suppression of an obstructed diesel fire using both the StatX FR
and the DSPA 5-4 handheld extinguishers. The compartment layout for obstructed diesel fire suppression
tests is shown in Figure 5-19. The obstruction measured 1.4 m x 1.3 m x 0.46 m (width x length x height)
and was suspended 40 cm above the fire brick floor of the burn room as described in Section 3.6 and
shown in Figure 3-4. It was designed and built to simulate an engine enclosure, such as an emergency
generator, that might cause an obstruction over a diesel pool fire. The distance between the top of the fuel
surface and the underside of the engine enclosure was 21 cm.

To be consistent with Test 1, the door was held open at 30 cm in Test 2a and 2b to maintain the
same ventilation for all cases of aerosol suppression. Therefore, the only change between Tests 1 and 2
was the fire obstruction, which was the mock-engine enclosure. In the initial test results shown below,
however, the StatX FR and the DSPA 5-4 units used in Test 2a and 2b had very little effect on the
obstructed fire, and did not suppress it, suggesting that having the door held 30 cm open was too
challenging. Therefore, Test 2¢ was added to the test program. In this case, the compartment door was
closed after aerosol activation, allowing suppression efficacy to be measured relative to the effects of
oxygen starvation alone.
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Prior to testing, an obstructed diesel pan fire test was conducted to characterize the compartment
environment without aerosol suppression. This test involved assessing the effects of ventilation control
(closing the compartment door) on a fully developed obstructed diesel fire, confirming the pre-burn time,
and heating the compartment to remove moisture from the ceramic fibre insulation in the compartment
walls. Upon completion of the pre-burn, 10 € of diesel fuel was added to the fuel pan and the freeboard
height was adjusted to 1 cm by adding or removing water base. Thermocouple and gas analysis data
acquisition was started and the video recordings commenced for internal colour and low wavelength
cameras, internal IR camera and external colour video camera. Ambient conditions were recorded and the
diesel was ignited by a propane torch on an extension handle.

The compartment door was fixed at 30 cm for the initial burn period of approximately 2 minutes
in all tests. At this point, for Tests 2a and 2b, the aerosol unit under test was activated and placed
precisely on the floor inside the door frame without changing the opening fraction of the door, thereby
minimising test to test variability that might be caused by changes in ventilation and/or location of the
aecrosol units. The activation time and discharge duration of the units were recorded and visual
observations were made throughout the suppression tests. For Test 2c, the aerosol units were activated
and placed inside the door frame and the compartment door was immediately closed and the same
parameters recorded. Temperature, gas concentration, and video data were analysed after all tests to
determine the suppression efficacy of aerosol agent in each test.

Figure 5-19. UW Shipping Container Burn Room Setup for Test 2a, 2b and 2c: Obstructed Diesel Fire
Suppression
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5.5.2 Suppression Results for Test 2a: StatX FR Obstructed Diesel Fire

In Test 2a, aerosol suppressant generated from the StatX FR unit had only a small effect on the fully
developed obstructed diesel fire and consequently a minor effect on the respective compartment
environment. There was so little effect seen that measuring the impact of the aerosol in terms of cooling
of the compartment was not practical for this fire scenario. Therefore, these results are presented
differently than those for Test la and 1b in order to highlight the minimal impact on the fire that did
occur. Instead of plotting the average upper layer temperature profile at 2.0 m, the average temperature
profiles on all eight horizontal planes within the compartment are plotted versus time in Figure 5-20. This
plot shows that the impact of the aerosol generated from the StatX FR unit was greatest in regions below
0.5 m above the floor. To highlight this further, average temperatures measured on the plane 0.5 m above
the floor are re-plotted in Figure 5-21. On average, the effect of the StatX FR aerosols on the fire and
compartment resulted in a cooling of these lower regions by 46°C over the 26 seconds from the onset of
suppression to the lowest average temperature. In contrast, Figure 5-22 shows the overall average
compartment temperature with time, and indicates an overall compartment cooling of just 9.3°C in 18
seconds between the onset of suppression and the lowest average temperature. Oxygen and carbon
dioxide concentrations throughout the test are plotted in Figure 5-23 and, as expected, show a decrease in
oxygen concentration and increase in carbon dioxide concentration as the fire grows and up to the onset
of suppression, followed by decreasing carbon dioxide and increasing oxygen concentrations during
suppression of the fire. Figure 5-23 shows a 22 second period of time from the onset of suppression when
oxygen concentration is increasing before dropping steeply once again as the fire grows again. On re-
growth of the fire, the carbon dioxide concentration increases to levels which saturate the cell of the gas
analyser, suggesting that there was more than 100,000 ppm carbon dioxide in the hot gases of the upper
layer. All observations confirm the minimal impact that the aerosols had on the fire in this test scenario.
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Figure 5-20. Test 2a, Obstructed Diesel Fire: StatX FR Suppression Effect on Horizontal Planes
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Figure 5-21. Test 2a, Obstructed Diesel Fire: StatX FR Suppression Effect on the 0.5 m Horizontal Plane
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Figure 5-22. Test 2a, Obstructed Diesel Fire: StatX FR Suppression Effect on the Compartment Average
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Figure 5-23. Test 2a, Obstructed Diesel Fire: Stat X’s Carbon Dioxide and Oxygen concentrations
5.5.3 Suppression Results for Test 2a: DSPA 5-4 Obstructed Diesel Fire

Aerosols generated from the DSPA 5-4 unit also had only a minor impact on the fully developed
obstructed diesel fire and the respective compartment environment. The effect was so minor that
measuring cooling rate and cooling effect was not practical. Therefore, the results are presented in a
similar fashion to those for the StatX FR results above in order to highlight the small impact that did
occur. The average temperature profiles on all eight horizontal planes within the compartment are plotted
versus time in Figure 5-24. From this plot, it can again be seen that the aerosols generated by the DSPA
5-4 unit had their greatest impact in regions below 0.5 m above the floor. To highlight this, average
temperatures measured on the plane 0.5 m above the floor are re-plotted in Figure 5-25. On average, the
effect of the DSPA 5-4 aerosols on the fire and compartment resulted in a cooling of the lower regions by
26°C over the 27 seconds from the onset of suppression to the lowest average temperature. In contrast,
Figure 5-26 shows the overall average compartment temperature plotted against time and indicates an
overall compartment cooling of 47°C in the 27 seconds between the onset of suppression and the lowest
average temperature. Oxygen and carbon dioxide concentrations throughout the test are plotted in Figure
5-27, again showing the decrease in oxygen concentration and increase in carbon dioxide concentration
expected as the fire grows up to the onset of suppression. After the aerosol enters the compartment, there
is a 23 second period of time over which the oxygen concentration increases and carbon dioxide
decreases, suggesting that the fire was partially suppressed. Following this the oxygen concentration
drops steeply once again as the fire re-establishes itself and grows. This clearly indicates that while the
aerosol did have a small impact on the fire, it was clearly not enough to have a large effect on
temperatures in the compartment or to fully extinguish the fire in this scenario.
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Figure 5-24. Test 2a, Obstructed Diesel Fire: DSPA 5-4 Suppression Effect on Horizontal Planes

300

Temperature [C]
= N N
u o (9}
o o o

[uny
o
o

0.5m

w1
o

seesee Onset of Suppression

0 50 100 150 200 250 300 350 400
Time [s]

Figure 5-25. Test 2a, Obstructed Diesel Fire: DSPA 5-4 Suppression Effect on the 0.5 m Horizontal Plane
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Figure 5-26. Test 2a, Obstructed Diesel Fire: DSPA 5-4 Suppression Effect on the Compartment Average
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5.5.4 Suppression Results for Test 2b: StatX FR Obstructed Diesel Fire

The aerosols generated by the StatX FR unit used for fire suppression in Test 2b again had only a minor
effect on the fully developed obstructed diesel fire and therefore on the environment in the fire
compartment. Once again, measuring a cooling rate and cooling effect were not practical so these results
are presented in the same fashion as for the previous sections. Average temperature profiles on all eight
horizontal planes within the compartment are plotted versus time in Figure 5-28. It can be seen that the
greatest effects of the aerosols from the StatX FR unit were felt in regions below 0.5 m above the floor.
Average temperatures from the 0.5 m horizontal plane are plotted against time in Figure 5-29. On
average, the effect of the StatX FR aerosols on the fire and compartment resulted in a cooling of the lower
regions by 41°C over the 23 seconds from the onset of suppression to the lowest average temperature. In
contrast, Figure 5-30 shows the average compartment temperature profile plotted against time and
indicates an overall cooling rate of 13°C in 7 seconds between the onset of suppression and the lowest
average temperature. Oxygen and carbon dioxide concentrations throughout the suppression test are
plotted in Figure 5-31 and show the expected decrease in oxygen concentration and increase in carbon
dioxide concentration as the fire grows up to the onset of suppression. As the aerosol enters the
compartment, Figure 5-31 shows a 28 second period of time when the oxygen concentration increases and
carbon dioxide decreases, suggesting that the fire is being suppressed. Following this, the oxygen
concentration drops steeply once again as the fire re-establishes itself and grows. The carbon dioxide
concentration also grows again, increasing to a level that saturates the cell of the gas analyser. This
suggests that the fire had fully re-established itself since there was more than 100,000 ppm carbon dioxide
in the hot gases of the upper layer. This clearly indicates that while the aerosol did have a small impact on
the fire, it was not enough to fully extinguish the fire in this scenario. [It should be noted from this plot
that the impact of fire suppression on carbon dioxide concentration is well illustrated by the steep drop in
concentration that is seen at about 400 seconds. This is due to the compartment door being closed, halting
any further combustion from occurring. ]
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Figure 5-28. Test 2b, Obstructed Diesel Fire: StatX FR Suppression Effect on Horizontal Planes
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Figure 5-29. Test 2b, Obstructed Diesel Fire: StatX FR Suppression Effect on the 0.5 m Horizontal Plane
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Figure 5-31. Test 2b, Obstructed Diesel Fire: Stat X’s Carbon Dioxide and Oxygen concentrations
5.5.5 Suppression Results for Test 2b: DSPA 5-4 Obstructed Diesel Fire

The aerosols generated by the DSPA 5-4 unit used for fire suppression in Test 2b again had only a minor
effect on the fully developed obstructed diesel fire and therefore on the environment in the fire
compartment. Once again, measuring a cooling rate and overall cooling effect were not practical so these
results are presented in the same fashion as for the previous sections. Average temperature profiles on all
eight horizontal planes within the compartment are plotted versus time in Figure 5-32. From this plot, it
can be seen that the greatest effects of the aerosols from the DSPA 5-4 unit were felt in regions below
0.5m above the floor. Average temperatures from the 0.5 m horizontal plane are plotted against time in
Figure 5-33. On average, the effect of the DSPA 5-4 aerosols on the fire and its surroundings resulted in a
cooling of the lower regions of the compartment by 91°C over the 30 seconds from the onset of
suppression to the lowest average temperature.

In contrast, Figure 5-34 shows the average compartment temperature profile plotted against time
and indicates an overall cooling rate of 11.4°C in the 6 seconds between the onset of suppression and the
lowest average temperature. Oxygen and carbon dioxide concentrations throughout the suppression test
are plotted in Figure 5-35, showing the decrease in oxygen concentration and increase in carbon dioxide
concentration expected as the fire grows up to the onset of suppression. As the aerosol enters the
compartment, Figure 5-35 shows a 27 second period of time when oxygen concentration increases and
carbon dioxide concentration decreases suggesting some suppression of the fire. Following this, the
oxygen concentration drops steeply once again as the fire re-establishes itself and grows. The carbon
dioxide concentration also grows again, increasing to a level that saturates the cell of the gas analyser.
This suggests that the fire had re-established itself since there was more than 100,000 ppm carbon dioxide
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in the hot gases of the upper layer. This clearly indicates that while the aerosol did have a small impact on

the fire, it was not enough to fully extinguish the fire in this scenario. The steep decrease in carbon
dioxide at about 320 seconds was again indicative of suppression of the fire as the compartment door was
closed at the end of the test.
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Figure 5-32. Test 2b, Obstructed Diesel Fire: DSPA 5-4 Suppression Effect on Horizontal Planes
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Figure 5-35. Test 2b, Obstructed Diesel Fire: DSPA 5-4 Carbon Dioxide and Oxygen concentrations
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5.5.6 Suppression Results for Test 2¢, Door Closed: StatX FR Obstructed Diesel Fire

Because of the limited impact that the aerosols generated by the StatX FR unit had on the fire, and
therefore the compartment environment, during the obstructed diesel fire tests when the compartment
door was held open at 30 cm (Tests 2a and 2b), it was decided to conduct an additional test, Test 2c, in
which the compartment door was closed after aerosol unit activation. The intent was to provide a
comparative measure of the impact of aerosols on open pool fires versus obstructed pool fires, as well as
provide a comparison between the impact of using an aerosol agent versus that of oxygen starvation of the
fire alone.

Aerosols generated by the StatX FR unit in Test 2¢ successfully suppressed and then extinguished
the obstructed diesel fire so results in this section are presented in the same fashion as those from Test 1.
A plot of the average compartment temperatures determined using thermocouples positioned 2 m above
the floor of the compartment versus time is shown in Figure 5-36. From the Figure, the cooling rate was
determined to be 136°C/min or 2.3°C/second from the onset of suppression to 60 seconds. The effect of
fire suppression by the aerosols on thermal stratification in the compartment are represented in 10 s
intervals in Figure 5-37, and the average temperature difference with height above the floor of the
compartment is shown in Figure 5-38. Integrating the curve in Figure 5-38 using the same methods as
previously described indicates a global cooling effect of 235 m'K throughout the compartment.
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Figure 5-36. Test 2c: StatX FR Obstructed Diesel Fire Upper Layer Temperature Cooling Rate after
Aerosol Released and the compartment door was closed
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5.5.7 Suppression Results for Test 2¢, Door Closed: DSPA 5-4 Obstructed Diesel Fire

Because of the limited impact that the aerosols generated by the DSPA 5-4 unit had on the fire, and
therefore the compartment environment, during the obstructed diesel fire tests when the compartment
door was held open at 30 cm (Tests 2a and 2b), it was decided to conduct an additional test, Test 2¢, in
which the compartment door was closed after aerosol unit activation. The intent was to provide a
comparative measure of the impact of aerosols on open pool fires versus obstructed pool fires, as well as
provide a comparison between the impact of using an aerosol agent versus that of oxygen starvation of the
fire alone.

Aerosols generated by the DSPA 5-4 unit in Test 2c¢ successfully suppressed and then
extinguished the obstructed diesel fire results in this section are presented in the same fashion as those
from Test 1. A plot of the average compartment temperatures determined using thermocouples positioned
2 m above the floor of the compartment versus time is shown in Figure 5-39. From the Figure, the cooling
rate was determined to be 250°C/min or 4.2°C/second from the onset of suppression to 60 seconds. The
effects of fire suppression by the aerosols on thermal stratification in the compartment are represented in
10 s intervals in Figure 5-40, and the average temperature difference with height above the floor of the
compartment is shown in Figure 5-41. Integrating the curve in Figure 5-41 indicates a global cooling
effect in the compartment of 337 m'K.
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5.5.8 Summary and Discussion of Test 2a, 2b and 2c¢: Obstructed Diesel Fire Results

The suppression of obstructed diesel fires with the door held open at 30 cm proved to be a very
challenging fire scenario for both designs of aerosol extinguisher tested here. Although the units were
placed precisely inside the door and care was taken to ensure that the aerosol agent was carried to the seat
of the fire on the cool air being drawn into the compartment by the fire, not enough agent got to the
flames under the mock engine enclosure to have a large impact on the chemistry of reaction.
Additionally, the heat flux radiating downward from the hot steel obstruction to the unburned diesel fuel,
which was only 21 cm below the obstruction, helped to sustain the diesel fire during the period of aerosol
suppression since the aerosol particles do not absorb large amounts of heat from the environment. In each
of the four tests conducted on an obstructed diesel fire with the door held open at 30 cm, the aerosol agent
made only very minor impacts on the fire and surrounding environment. The largest cooling effect was
observed for positions low in the compartment, in regions below 0.5 m above the compartment floor.
The results of Test 2a and 2b are combined in Table 5-4 to show the cooling rates measured via
thermocouples positioned at 0.5 m above the floor of the compartment as well as the cooling rate
determined based on the average compartment temperatures for each test. For comparison, the total
degrees of cooling measured in Tests 2a and 2b for the StatX FR and for the DSPA 5-4, respectively,
were summed together and divided by the total number of seconds in each of their cooling periods, i.e.
time from onset of suppression to when compartment temperatures began to rise again. The combined
results are:

e StatX FR Overall Cooling Rate on Obstructed Diesel Fires, Door Open: For StatX FR Tests 2a
and 2b, the total degrees of cooling based on measurements at 0.5 m above the floor and on the
average compartment temperature was 109.3°C in a total of 74 seconds, which gives a cooling
rate of 1.48°/s.

e DSPA 5-4 Overall Cooling Rate on Obstructed Diesel Fires, Door Open: For DSPA Tests 2a and 2b, the
total degrees of cooling o based on measurements at 0.5 m above the floor and on the average compartment
temperature was 175.4°C in a total of 90 seconds, which gives a cooling rate of 1.95%s.

Based on the comparison above and results in Table 5-4, the DSPA 5-4 appeared to have a
slightly greater effect than the StatX FR against the challenging obstructed diesel fire scenario with the
door open. However, neither unit came close controlling or extinguishing the fire. These results suggest
that neither aerosol extinguisher should be expected to have an appreciable impact on an obstructed Class
B fire if the compartment cannot be confined and/or if the compartment is larger than the rated volume of
approximately 20 m’.
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Table 5-4. Summary of Test 2a and 2b, Door Open: Obstructed Diesel Fire Results

Ambient . Ambient | Ambient . Cooling Rate of
Ambient| ) Cooling Rate of 0.5 Average
Test Temp 'Wind Speed| Wind
o RH [%] . . m Plane Compartment
[°C] [m/s]* |Direction
Temp

2a: StatX FR 18 33 0.5 W 46in26s 93in18s
2a: DSPA 5-4 18 33 0.5 W 26in27s 471n 27 s
2b: StatX FR 18 33 0.5 W 41in23s 13in7s
2b: DSPA 5-4 18 33 0.5 W 91in30s 114in6s

*Note 1: Ambient wind speed taken at door of compartment between wind blocks to assess air flow at
the door during suppression testing.

Because of the minor suppression effects that the StatX FR and DSPA 5-4 units had on the
obstructed diesel fire with the door open at 30 cm, Test 2¢ was conducted with the door closed. This test
sought to compare the suppression efficacy and cooling effect of oxygen starvation plus aerosol agent
against those seen for oxygen starvation alone. Table 5-5 contains a summary of the results of Test 2c,
together with results based on oxygen starvation (just closing the door with no suppression agent) for the
same fire scenario. Figure 5-42 displays plots of the average temperature differences measured at various
heights above the compartment floor for aerosol suppression and as a result of just closing the door.
From these results, it is noted that the StatX FR and the DSPA 5-4 performed in a similar fashion with
cooling rates of 2.3 and 2.5°C/s and total cooling effects of 235 and 211 m-K respectively. The addition
of aerosol from either unit resulted in a higher rate of cooling and higher total cooling than seen when the
door was closed and no aerosol was added. The key findings are:

o StatX FR increased the cooling rate by 21% and the total cooling effect by 43% over those for
oxygen starvation alone.

o DSPA 5-4 increased the cooling rate by 32% and the total cooling effect by 29% over those for
oxygen starvation alone.

The increases in cooling rate and total cooling observed for Test 2c when aerosols are combined
with oxygen starvation of the fire speak to the benefits of employing aerosol agents during suppression of
a fire, even when that fire can be confined and starved of oxygen. A 30-40% higher rate of cooling of the
compartment in the same 60 seconds can significantly reduce the production of flammable vapour from
unburned fuel, which in turn reduces the risk of migration of fuel vapour to other areas should hot gases
later escape the compartment and of the occurrence of more dangerous rapid fire growth phenomena
should oxygen be re-introduced to the compartment. It also reduces heat transfer to other fuels within the
compartment and to boundaries adjoining adjacent compartments, lowering the probability and speed
with which the original fire could spread past the room of origin.
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Table 5-5. Summary of Test 2¢c, Door Closed: Obstructed Diesel Fire Results

. . . Total
Ambient | Ambient 1.&mb1ent Am.blent Peak Cooling Cooling
Test Temp [°C] | RH [%] 'Wind Speed| Wind Average Rate Effect
P ° [m/s]* Direction | Temp [°C] | (°C/Sec)**

[m°K]
2c: StatX FR 20 33 0.7 W 255 23 235
2c: DSPA 5-4 17 50 1.1 SW 221 2.5 211
Closed Door 18 33 0.5 W 220 1.9 164

*Note 1: Ambient wind speed taken at door of compartment between wind blocks to assess air flow at

the door during suppression testing.
**Note 2: Cooling rates assessed from 60 seconds after peak average temperature.
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Figure 5-42. Summary of Average Compartment Temperature Difference Caused by Suppression
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5.6 Discussion of Test 3a and 3b: Obstructed Bilge Fire Suppression

5.6.1 Fire Suppression Techniques for Test 3a and 3b: Obstructed Bilge Fire

Test 3 was designed to investigate suppression of an obstructed bilge fire using both the StatX and the
DSPA handheld extinguishers. The compartment layout for this test is shown in Figure 5-43. The setup is
essentially the same as that used in Test 2 except that after the aerosol units were activated, they were
positioned such that they were fully submerged in water beneath the diesel fire prior to generation of the
suppression agent. After placement of the aerosol unit, the compartment door was closed for Test 3a due
to concerns that after unit activation, the rapidly expanding aerosol agent and gases would splash and
spray burning diesel out of the relatively shallow pan. Based on IR camera footage inside the
compartment, minimal splashing of burning diesel was observed. Therefore, Test 3b was run with the
door fully open to allow better observation of the test. For all tests, the cooling rate of the upper gas
layer, total cooling effect on the compartment, and average effect on thermal stratification were again
investigated. Concentrations of oxygen and carbon dioxide, which vary in proportion to the fire growth
and decay, serve as additional indicators of the effects of aerosol agent on the compartment environment.

Prior to aerosol testing, an obstructed diesel pan and bilge fire characterization test was conducted
to characterize the compartment environment without aerosol suppression, determine the effects of
ventilation control (closing the compartment door) on the fully developed diesel fire, confirm the pre-burn
time, heat the compartment and remove moisture from the ceramic fibre insulation in the compartment
walls. Upon completion of the pre-burn, 10 £ of diesel fuel was added to the fuel pan and the freeboard
height adjusted to 1 c¢cm by adding or removing base water. Thermocouple and gas analysis data
acquisition was started and the video recordings commenced for internal colour and low wavelength
cameras, internal IR camera and external colour video camera. Ambient conditions were recorded and the
diesel was ignited by propane torch on an extension handle. The compartment door was fixed at 30 cm for
the pre-burn period of approximately 2 minutes. At this point, the aerosol unit under test was activated
and slid into the diesel pan such that it was completely submerged in water under the burning diesel prior
to generation of the aerosol agent. The activation time and discharge duration of the units were recorded
and visual observations were made throughout the suppression tests. Temperature, gas concentration, and
video data were analysed after the test to determine the suppression efficacy of aerosol agents in each test.
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Figure 5-43. UW Shipping Container Burn Room Setup for Test 3a and 3b: Obstructed Diesel Bilge Fire
Suppression

5.6.2 Suppression Results for Test 3a: StatX FR

Aerosols generated from the StatX FR unit successfully suppressed and then extinguished the obstructed
diesel bilge fire in Test 3a. Although the StatX FR unit was totally submerged under water, the aerosol
agent was generated successfully and distributed evenly with minimal splashing, even despite the
relatively shallow water base of the diesel pan. A plot of the average compartment temperatures
determined using thermocouples positioned 2 m above the floor of the compartment versus time is shown
in Figure 5-44. From the Figure, the cooling rate was determined to be 250°C/min or 4.2°C/second from
the onset of suppression to 60 seconds after suppression. The change in compartment thermal
stratification during suppression are shown in 10 s intervals in Figure 5-45, and the average temperature
difference from top to bottom of the compartment is shown in Figure 5-46. Integrating the curve in
Figure 5-46 gives a global cooling effect throughout the compartment of 337 m'K. Oxygen and carbon
dioxide concentrations throughout the suppression test are plotted in Figure 5-47, showing the expected
decrease in oxygen concentration and increase in carbon dioxide concentration as the fire grows up to the
onset of suppression. After suppression, oxygen concentrations increase again and the production of
carbon dioxide decreases. The rise in oxygen concentration occurs more slowly in this test when
compared to Test 1 because the compartment door is closed. At about 320 seconds into the test, the door
is opened and the oxygen and carbon dioxide concentrations quickly return to atmospheric levels.
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5.6.3 Suppression Results for Test 3a: DSPA 5-4

Aerosols generated from the DSPA 5-4 unit successfully suppressed and then extinguished the obstructed
diesel bilge fire in Test 3a. Although the DSPA 5-4 unit was totally submerged under water, the aerosol
agent was generated successfully and distributed evenly with minimal splashing, even despite the
relatively shallow water base of the diesel pan. A plot of the average compartment temperatures
determined using thermocouples positioned 2 m above the floor of the compartment versus time is shown
in Figure 5-48. From the Figure, the cooling rate was determined to be 193°C/min or 3.2°C/second from
the onset to 60 seconds after suppression. The change in compartment thermal stratification during
suppression are shown in 10 s intervals in Figure 5-49, and the average temperature difference from top to
bottom of the compartment is shown in Figure 5-50. Integrating the curve in Figure 5-50 gives a global
cooling effect throughout the compartment of 235 m'K. Oxygen and carbon dioxide concentrations
throughout the suppression test are plotted in Figure 5-51, showing the expected decrease in oxygen
concentration and increase in carbon dioxide concentration as the fire grows up to the onset of
suppression. After suppression, oxygen concentrations increase again and the production of carbon
dioxide decreases. The rise in oxygen concentration occurs more slowly in this test when compared to
Test 1 because the compartment door is closed. At about 320 seconds into the test, the door is opened and
the oxygen and carbon dioxide concentrations quickly return to atmospheric levels.
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Figure 5-48. Test 3a: DSPA 5-4 Obstructed Bilge Fire Average Upper Layer Cooling Rate
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Figure 5-51. Test 3a, Bilge Fire Test: DSPA’s Carbon Dioxide and Oxygen concentrations
5.6.4 Suppression Results for Test 3b: StatX FR

The Stat X unit in Test 3b successfully knocked down but did not extinguish the obstructed diesel bilge
fire when the compartment door was left open. The aerosol agent was generated and distributed evenly
with minimal splashing despite the relatively shallow water base of the diesel pan. Since the fire was not
extinguished, the cooling rate and overall cooling of the compartment were calculated over the 27 second
period from the peak average compartment temperature to the lowest average compartment temperature.
A plot of the average compartment temperatures determined using thermocouples positioned 2 m above
the floor of the compartment versus time is shown in Figure 5-52. From the Figure, the cooling rate was
determined to be 5°C/second. The effects of fire suppression by the aerosols on thermal stratification
within the compartment are represented in 5 second intervals Figure 5-53, and the average temperature
difference with height in the compartment is shown in Figure 5-54. Integrating the curve in Figure 5-54
using the same methods as described previously indicates a global cooling effect of 431 m'K throughout
the compartment. Oxygen and carbon dioxide concentrations through the suppression test are plotted in
Figure 5-55, showing the anticipated decrease in oxygen concentration and increase in carbon dioxide
concentration as the fire grows up to the onset of suppression. From the onset of suppression to 25
seconds afterwards, the oxygen concentration begins to rise and carbon dioxide concentration decrease as
the fire is suppressed. However, since the fire was not extinguished, the oxygen concentration later
dropped again and carbon dioxide production increased as the fire re-established itself and grew again
until the door was closed at about 235 seconds into the test.
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5.6.5 Suppression Results for Test 3b: DSPA 5-4

The DSPA 5-4 unit in Test 3b successfully suppressed and then extinguished the obstructed diesel bilge
fire. The aerosol agent was generated and distributed evenly with minimal splashing despite the relatively
shallow water base of the diesel pan. A plot of the average compartment temperatures determined using
thermocouples positioned 2 m above the floor of the compartment versus time is shown in Figure 5-56.
From the plot, the cooling rate was determined to be 253°C/min or 4.2°C/second from the onset of
suppression to 60 seconds after suppression. The effects of fire suppression by the aerosols on thermal
stratification within the compartment are represented in 10 s intervals in Figure 5-57, and the average
temperature difference with height in the compartment is shown in Figure 5-58. Integrating the curve at
Figure 5-58 gives a global cooling effect in the compartment of 370 m'K. Oxygen and carbon dioxide
concentrations are plotted against time in Figure 5-59, and again show a decrease in oxygen concentration
and increase in carbon dioxide concentration as the fire grows up to the onset of suppression. After
suppression, oxygen concentrations again increase and production of carbon dioxide decreases with both
concentrations returning to atmospheric values as the fire is extinguished.
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Figure 5-56. Test 3b, Door Open: DSPA 5-4 Average Upper Layer Cooling Rate
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Figure 5-59. Test 3b, Bilge Fire Test: DSPA’s Carbon Dioxide and Oxygen concentrations
5.6.6 Summary and Discussion of Test 3a and 3b: Obstructed Diesel Bilge Fire

This section summarizes the results of the obstructed diesel bilge fire suppression tests for both StatX FR
and DSPA 5-4 aerosol extinguishers. It is important to note again that in Test 3a the door was closed
immediately after the aerosol units were activated.. In contrast, Tests 3b were conducted with the door
fully open to present a greater challenge to the aerosol suppression units as well as to facilitate
observation of the test itself.

The ambient conditions of each of the four bilge fire tests along with their respective results for
peak average temperatures, cooling rates, and total cooling effect are compiled in Table 5-6. For
comparison, the effects of oxygen starvation (closing the door) during an obstructed diesel
characterization fire are also shown in the Table 5-6. The average temperature differences that yield the
values of total cooling effect during aerosol suppression and during oxygen starvation of the fire are
combined in Figure 5-60. In tests with the compartment door closed, the StatX FR had a larger impact on
the environment than the DSPA 5-4 unit, with a StatX FR cooling rate of 4.2 C/s and total cooling of 337
m'K versus 3.2 C/s and 235 m-K for the DSPA 5-4. When the door was open, however, the Stat-X FR
did not suppress the fire, whilst the DSPA 5-4 performed in a fashion similar to the StatX FR in the test
with door was closed, having a cooling rates of 3.2 C/s and total cooling effect of 370 m'K. The addition
of aerosol from either unit resulted in a significantly higher rate of cooling and higher total cooling effect
than seen when the door was closed and no aerosol was added.
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5.6.6.1 Test 3a: Obstructed Diesel Bilge Fire Suppression Results Summary

Table 5-7 combines the results from Test 2¢ with those from Test 3a to compare the difference in cooling
rates and cooling effects between aerosol activation just inside the door of the compartment (Test 2c) and
activation in the bilge (under the fire in the water pan) (Test 3a) when the door of the fire compartment is
closed after activation of the unit. Since the fire scenario and compartment environment are the same for
Test 2 and Test 3, this provides a good comparative measure relating to where aerosol units should be
located relative to the fire source to best suppress a marine machinery space fire. The StatX FR unit
activated in the simulated bilge (Test 3a) had an 82% higher cooling rate and a 43% higher total cooling
effect when compared to unit activation inside the door frame (Test 2¢). The DSPA 5-4 unit activated in
the simulated bilge had a 28% higher cooling rate and an 11% higher total cooling effect when compared
to unit activation inside the door frame. Therefore, since significantly higher cooling rates were seen in
Test 3a for both units versus those seen in Test 2c, results suggest that activation of an aerosol unit in the
bilge under an obstructed diesel fire can be a more effective suppression technique than simply placing
the aerosol unit near the door of the fire compartment.

5.6.6.2  Test 3b: Obstructed Diesel Bilge Fire Suppression Results Summary

Considering the relatively minor suppression effect that both StatX FR and DSPA 5-4 units had on the
Test 2 obstructed fires with the door held open at 30 cm, it is remarkable that such a high cooling rate and
cooling effect were achieved during Test 3b with the door fully open. This difference might be explained
by considering that aerosols generated by an aerosol unit submerged in water under the burning diesel
fuel were more effective at interacting chemically to suppress the fire and also at absorbing heat to reduce
the radiant heat flux from the hot enclosure surfaces back down onto the unburned diesel fuel. Though the
results are not yet fully explained and should form the subject of further research, the present results do
suggest that for large or breached compartments with obstructed fires, activation of the aerosol in a
location under the fire (i.e. in a bilge) might extinguish the fire more effectively than activation directly
beside the fire which may have little effect on the fire and the environment in the fire compartment.
Another benefit of activating pyrotechnically generated aerosol units while submerged in water is that
their own incendiary potential is greatly reduced since the water absorbs the heat generated by the thermal
decomposition of potassium nitrate.
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Table 5-6. Summary of Test 3a and 3b Results: Obstructed Diesel Bilge Fire

Ambient | Ambient fﬁmbient AmPient Peak Cooling CT)Z:;:g
Test Temp 'C]| RH [%] 'Wind Speed '\mei Averaoge ) Rate Effect
[m/s]* Direction | Temp ['C] | ("C/Sec)**

[mK]
3a: StatX FR 19 52 1.7 SW 310 4.2 337
3a: DSPA 5-4 14 44 1.2 S 278 3.2 235
3b: StatX FR 15 49 1 S 377 Sk 431
3b: DSPA 5-4 14 72 3 S 273 4.2 370
Closed Door 18 33 0.5 \W% 220 1.9 164

*Note 1: Ambient wind speed taken at door of compartment between wind blocks to assess air flow at
the door during suppression testing.
**Note 2: Cooling rates assessed from 60 seconds after peak average temperature.
***Note 3: Cooling rate is only for the 27 seconds between peak average and lowest average temperature
since the fire was not extinguished in this test.

Table 5-7. Comparison of Suppression Effect on Obstructed Diesel Fires by Aerosol Activation in the
Bilge versus Activation inside the Door Frame

) ) Ambient | Ambient Peak Cooling Tot.al
Ambient Ambient . . Cooling
Test Temp [°C] | RH [%] 'Wind Speed]| Wind Average Rate Effect
P ¢ [m/s]* Direction | Temp [°C] | (°C/Sec)**

[m*K]
2c¢: StatX FR 20 33 0.7 w 255 2.3 235
3a: StatX FR 19 52 1.7 SW 310 4.2 337
2c: DSPA 5-4 17 50 1.1 SW 221 2.5 211
3a: DSPA 5-4 14 44 1.2 S 278 32 235
Closed Door 18 33 0.5 \% 220 1.9 164

*Note 1: Ambient wind speed taken at door of compartment between wind blocks to assess air flow at
the door during suppression testing.
**Note 2: Cooling rates assessed from 60 seconds after peak average temperature.
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Figure 5-60. Summary of Average Temperature Difference Caused by Aerosol Suppression on an
Obstructed Bilge Fire

5.7 Discussion of Test 4: Softwood Crib Fire Suppression

5.7.1 Fire Suppression Techniques for Test 4: Softwood Crib Fire

Test 4 was designed to investigate suppression of a 4-crib softwood fire using the StatX FR and the
DSPA 5-4 handheld aerosol extinguishers. The compartment setup for this test is shown in Figure 5-61.
The cooling rate of the upper gas layer, total cooling effect on the compartment, and average effect on
thermal stratification were again investigated. Additionally, concentrations of oxygen and carbon dioxide,
which change in proportion to fire growth and decay, serve as additional indicators of the effects of
suppression.

Prior to suppression testing, a wood crib characterization test was conducted to determine the
compartment environment without aerosol suppression, determine the effects of ventilation control
(closing the compartment door) on a fully developed wood crib fire, confirm the pre-burn time, heat the
compartment and to remove moisture from the ceramic fibre insulation in the compartment walls. Upon
completion of the pre-burn, the four softwood cribs were stacked vertically. Thermocouple and gas
analysis data acquisition was started and the video recordings commenced for internal colour and low
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wavelength cameras, internal IR camera and external colour video camera. Ambient conditions were
recorded and a tray containing methanol was placed below the wood crib and was ignited using a butane
lighter. The compartment door was fixed at 30 cm for the pre-burn period of approximately 4-6 minutes
until a fully developed compartment fire was established. At this point, the aerosol unit under test was
activated and placed precisely on the floor inside the door frame without changing the opening fraction of
the door itself, and the door was closed. The activation time and discharge duration of the units were
recorded and visual observations were made throughout the suppression tests. Temperature, gas
concentration, and video data were analysed after the test to determine the suppression efficacy of aerosol
agent in each test.

Figure 5-61. UW Shipping Container Burn Room Setup for Test 4: Softwood Crib Fire Suppression
5.7.2  Suppression Results for Test 4: StatX FR, Softwood Crib

The StatX FR unit in Test 4 successfully suppressed the softwood crib fire, as confirmed via internal IR
camera footage recorded. However, due to the deep seated embers of a Class A fire, the softwood
continued to smolder so the fire was not completely extinguished by the aerosol unit. A plot of the
average compartment temperatures determined using thermocouples positioned 2 m above the floor of the
compartment versus time is shown in Figure 5-62. From the Figure, the cooling rate was determined to be
206°C/min or 3.4°C/second from the onset of suppression to 60 seconds afterwards. The changes in
compartment thermal stratification during suppression are shown in 10 s intervals in Figure 5-63, and the
average temperature difference from top to bottom of the compartment is shown in Figure 5-64. In this
test, the average temperature difference seen at locations below 1.1 m above the floor of the compartment
is negative, indicating that there is actually a temperature increase in these locations over the 60 second
suppression period. Integrating the curve in Figure 5-64 using methods outlined earlier gives a global
cooling effect of 147 m'K throughout the compartment. Oxygen and carbon dioxide concentrations
throughout the suppression test are plotted in Figure 5-65, and show the expected decrease in oxygen
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concentration and increase in carbon dioxide concentration as the fire grows up to the onset of
suppression. From the onset of suppression, the oxygen concentration begins to rise and carbon dioxide
decreases as the fire is suppressed. The rise in oxygen concentration occurs more slowly in this test when
compared to Test 1 because the deep seated embers of the Class A fire continued to burn and also because
the compartment door was closed. At about 410 seconds, the door is opened and the oxygen concentration
quickly rises; however, since the fire was never fully extinguished, the fire also begins to grow again as
new oxygen is introduced and there is no longer sufficient suppression agent in the compartment to
control the fire.
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Figure 5-62. Test 4: StatX FR Softwood Crib Fire Upper Layer Temperature Cooling Rate after Aerosol
Released and the compartment door was closed
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Figure 5-63. Test 4: StatX FR, Suppression Effect on Average Thermal Stratification after Aerosol
Released and the compartment door was closed
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Figure 5-64. Test 4: StatX FR Average Temperature Difference Due to Aerosol Agent Suppression and
closing the compartment door from the onset of suppression to 60 after
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Figure 5-65. Test 4, Softwood Crib: StatX FR Carbon Dioxide and Oxygen concentrations due to aerosol
suppression and closing the compartment door

5.7.3 Suppression Results for Test 4: DSPA 5-4, Softwood Crib

The DSPA 5-4 unit in Test 4 successfully suppressed the softwood crib fire, as confirmed via internal IR
camera footage recorded. Again, due to the deep seated embers of a Class A fire, the softwood continued
to smolder so the fire was not completely extinguished by the aerosol unit. A plot of the average
compartment temperatures determined using thermocouples positioned 2 m above the floor of the
compartment versus time is shown in Figure 5-66. From the Figure, the cooling rate was determined to be
186°C/min or 3.1°C/second from the onset to 60 seconds after suppression. The change in compartment
thermal stratification during suppression are shown in 10 s intervals in Figure 5-67 and the average
temperature difference from top to bottom of the compartment is shown in Figure 5-68. In this test, the
average temperature differences seen at locations below 0.8 m above the floor of the compartment are
negative, indicating a temperature increase over the 60 second suppression period. Integrating the curve
at Figure 5-68 gives a global cooling effect through the compartment of 154 m'K. Oxygen and carbon
dioxide concentrations throughout the suppression test are plotted in Figure 5-69, showing the decrease in
oxygen concentration and increase in carbon dioxide concentration that is anticipated as the fire grows up
to the onset of suppression. From the onset of suppression, the oxygen concentration begins to rise and
carbon dioxide decreases as the fire is suppressed. At about 450 seconds the door is opened and the
oxygen concentration quickly rises up to atmospheric levels before the wood crib fire begins to grow
again. Again in this test, the fire was not fully extinguished, but the oxygen concentrations seen before the
door was opened were much higher in this test than in the StatX FR softwood crib test, suggesting that the
DSPA 5-4 unit had greater impact in terms of suppressing a Class A fire.
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Figure 5-66. Test 4 DSPA 5-4 Softwood Crib Fire Upper Layer Temperature Cooling Rate after Aerosol
Released and the compartment door was closed

250
200
e Onset
= 150
g =10 s After
-
fb e 20 5 After
(]
* 100 305 After
40 s After
50 =50 5 After
=60 s After
0
0 100 200 300 400 500 600

Temperature|[C]

Figure 5-67. Test 4: DSPA 5-4, Suppression Effect on Average Thermal Stratification after Aerosol
Released and the compartment door was closed
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Figure 5-68. Test 4: DSPA 5-4 Average Temperature Difference Due to Aerosol Agent Suppression and
closing the compartment door from the onset of suppression to 60 seconds after
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Figure 5-69. Test 4, Softwood Crib: DSPA’s Carbon Dioxide and Oxygen concentrations due to Aerosol
Agent Suppression and closing the compartment door
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5.74 Summary and Discussion for Test 4: Softwood Crib Fire

The softwood crib fire suppression tests were both conducted by activating the aerosol units after the 4-6
min pre-burn time and closing the door. Comparison of these results to those measured during
suppression of a softwood fire using oxygen starvation alone therefore provide an indication of the
amount of cooling due to aerosol agent suppression over and above that of oxygen starvation. From the
summary of results in Table 5-8 and Figure 5-70, it can be seen that suppression using StatX and DSPA
aerosol units resulted in similar cooling rates, 3.4 and 3.1°C/s respectively, and total cooling of the
compartment, 147 m'K and 154 m'K respectively. Use of either unit resulted in higher cooling rates and
higher total cooling than using only fire confinement and suppression by closing the door. The addition of
aerosol from a StatX FR unit resulted in cooling rates 38% higher and total cooling effects 31% higher
than those for oxygen starvation, while aerosol from the DSPA 5-4 unit resulted in cooling rates 24%
higher and total cooling effects 38% higher than for oxygen starvation. Since the door was kept closed for
suppression tests with both aerosol units, these tests show the benefit of using aerosol agent when it is
confined within the compartment and most effectively works to suppress the flames and lower
temperatures in the fire compartment.

It is of interest to more closely examine the plots of oxygen concentration with time measured
during the StatX FR and the DSPA 5-4 softwood crib suppression tests noting also that the compartment
door was kept closed for two minutes after activation of each aerosol unit. In tests using the DSPA 5-4
unit, oxygen concentrations rose more quickly after activation reaching a concentration of nearly 20% just
prior to opening the compartment door. At this same time after activation, the oxygen concentration was
holding fairly steady at about 12% (compared to 21% in a normal atmosphere) in tests using the StatX FR
unit. Although the result merits further investigation, this suggests that the DSPA unit may have had a
significantly greater suppression effect on the Class A fire than the StatX FR aerosol extinguisher.

Unlike the diesel pool fires used in tests 1, 2 and 3, the softwood crib fires in Test 4 generated a
great deal of heat while smoldering in an oxygen deprived environment. Compartment cooling observed
when the door was closed relates to a decrease in hot gas production from the fire as it decays due lack of
oxygen. At the same time, however, the heat and radiation generated from the smoldering embers can
generate unburned fuel vapour in the compartment. This creates a fuel rich, oxygen deprived environment
with hot embers as ignition sources and can lead to situations of rapid fire growth should oxygen be
reintroduced into the compartment. The aerosol agents in both tests cooled the environment more than
closing the door alone; however, the temperatures within the compartment on average were still very high
(above 200°C after two minutes). Therefore, there is a very real possibility of rapid fire growth when
oxygen is reintroduced and aerosol agent is vented out of the compartment. In these controlled laboratory
tests, the result of opening the door was re-flash of the fire once the aerosol escaped. In larger
compartments with more synthetic fuel loads, rapid fire growth in these situations could be very
dangerous. For this reason, careful overhaul of a Class A fire using safe door and hatch procedures will
normally be required after aerosol suppression. As an additional precaution, prediction of the potential
for rapid fire growth can be facilitated if the temperature and stratification of the fire environment are
known by the use of sensing equipment, such as thermocouple arrays, prior to reintroducing oxygen.
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Table 5-8. Summary of Test 4: Softwood Crib Fire Suppression Results

i Total
. . AmF)lent Ambient Peak Cooling 0 f‘
Ambient | Ambient Wind . Cooling
Test o Wind Average Rate**
Temp ['Cl | RH[%] | Speed® | |\ tion | Temp ['C] | (C/secy | Erfect
[m/s] P [mK]
4: StatX FR 22.6 50 0.5-1.0 W 246 34 147
4: DSPA 5-4 24.7 50 0.5-1.0 W 235 3.1 154
Closed Door 22.6 50 0.5-1.0 W 295 2.5 112

*Note 1: Ambient wind speed taken at door of compartment between wind blocks to assess air flow at
the door during suppression testing.
**Note 2: Cooling rates assessed from 60 seconds after peak average temperature.
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Figure 5-70. Summary of Average Compartment Temperature Difference Caused by Suppression
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6 Aerosol Only Agent Analysis

Chapter 5 contained results focussed towards investigation of the effectiveness of the handheld aerosol
units for suppressing fires in typical scenarios encountered on board ship. Also of interest to the use of
aerosols is determination of the potential for residue, toxic gas formation or corrosion of equipment in the
event of accidental discharge of an aerosol unit or after suppression of a fire. For this, it was decided to
characterize the compartment environment after aerosol units have been discharged, but in the absence of
a fire. This Chapter contains results of these ‘aerosol agent only’ tests.

In each test, an aerosol unit, either StatX FR or DSPA 5-4, was discharged into the compartment
without a fire. Aerosol dispersion, particle suspension and settling characteristics and the visibility
throughout the compartment were determined, while temperature and gas concentration data were
collected to study heat and toxic gases that might be generated during discharge of the unit. Functioning
electronic devices were placed within the compartment for several of the agent only tests to assess the
possibility of aerosol powder or other residue building up on the electronics, as well as what impact that
might have on the operation of the devices. Finally, a fully outfitted firefighter with SCBA was situated in
the closed compartment during agent only tests to evaluate powder residue on the breathing apparatus
(BA) and personal protective ensemble (PPE), as well as to conduct a series of fuel re-ignition tests using
a butane lighter.

6.1 Aerosol Only Agent Analysis Technique

For these tests, a firefighter donned full breathing apparatus and protective ensemble and entered the
container burn room, remaining there for the ten minute duration of the test. The firefighter activated an
aerosol unit and placed it in the frame utilised for suppression testing, just inside the compartment door.
He then moved to the back corner of the compartment and made regular observations regarding particle
distribution, particle suspension and overall obscuration of visibility within the compartment. In order to
contain the aerosol agent in the compartment, the door of the shipping container was held closed, but not
locked, by safety personnel situated outside the container. The container burn room was well lit
throughout the test by the use of two 500 W halogen lamps. After aerosol activation, the firefighter
observed the particulate distribution within the compartment and also attempted to ignite a butane lighter
at regular intervals throughout the test. All observations were relayed back via handheld radio to testing
facilitators positioned outside the shipping container. After the ten minute observation period, the
container door was opened and still photographs were taken immediately to record post-test aerosol
residue on the electronics and on the firefighter.

For tests of possible residue deposits from the aerosol units, three to four electronic components
or devices were chosen for testing and cleaned using compressed air prior to the test. Each unit was then
placed on the floor of the container burn room, positioned around the location in which the aerosol unit
was to be activated. The power was turned on to at least one device in each test in order to determine
potential impacts of aerosol deposition on operating electronic equipment, and also since aerosol residue
could be attracted differently to components with different static charges.
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Temperature differences that occurred in the compartment during activation and generation of the
aerosol from each unit were recorded using an IR camera situated in the burn room and the same
thermocouple rakes used in the suppression tests. Gas analysis during the agent only tests was conducted
by moving the gas sampling probe used in the suppression tests to a location at the front of the
compartment, as shown in Figure 6-1. It was positioned to be within 30 cm of the StatX FR and the
DSPA 5-4 units in order to record gas concentrations while they were generating the aerosol agent. Data
acquisition was done using the same system as employed in the fire suppression tests.

Gas Sampling Probe

Figure 6-1. UW Shipping Container Burn Room Set-up for Test 5, Agent Analysis with Front Gas
Sampling Position

6.2 Aerosol Only Agent Analysis Results and Discussion

6.2.1 StatX FR Aerosol Agent Analysis Results and Discussion

The StatX FR unit was tested in the UW shipping container with the electronic devices shown in Figure
6-2. Figure 6-3 shows the location at which the aerosol units were activated, which is the same frame on
the floor used for the suppression tests. The electronic devices in the burn room included a Cathode Ray
Tube (CRT) monitor (powered on), an inkjet printer, and a computer tower with side panel removed. The
container door was held closed while the firefighter activated the StatX FR unit from within.

Figure 6-4 shows a plot of the average compartment temperature with time during activation and

generation of aerosol from the StatX FR unit. It can be seen that the compartment temperature increased
by 22°C and the average upper gas layer (taken at the 2.0 m horizontal plane) temperature increased by
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32°C as a result of activation of StatX FR unit alone. Thermocouples closest to the StatX FR unit were
attached to the front two vertical rakes (V3 and V4) located 0.8 m from the unit during activation.
Analysis of the temperature versus time data from those rakes, shown in Figure 6-5, revealed that the
front right (V4) TC at 0.5 m was exposed to the greatest temperature increase, which peaked at 137°C
above ambient.

Plots of gas concentration versus time are shown in Figure 6-6. Oxygen and carbon dioxide
concentrations fluctuate throughout the test, indicating relatively minor dilution of oxygen and generation
of carbon dioxide local to the aerosol unit during activation. The oxygen concentration in the vicinity of
the aerosol unit did not drop below 20% at any time. In the ten minutes following activation, the
concentrations also varied due to the presence of a small flame that persists at the base of a StatX FR unit
for several minutes after activation.

The aerosol agent filled the compartment immediately and appeared to be evenly distributed
throughout. Once the StatX FR unit finished generating aerosol, the visibility in the well-lit compartment
was assessed to be 25 cm. Ignition of the butane lighter was attempted every two minutes without
success, meaning that the concentration of the aerosol in the compartment was sufficiently high to prevent
ignition of the lighter flame. Two minutes after aerosol generation had ceased, the visibility increased to
and held steady at 30 cm for the remainder of the 10 minute test. Ten minutes following unit activation,
the compartment door was opened, allowing the aerosol particles to escape. As the compartment
environment cleared, the firefighter remained in the back corner of the compartment continuously
attempting to ignite the butane lighter as the concentration of aerosol decreased. It took 49 seconds from
the time when the door was opened to the time when the butane lighter was successfully ignited.

A thin residue of aerosol particles had collected on the electronics and on the firefighter’s BA and

PPE during the test and was visible after the test (Figure 6-7). The computer monitor that was powered
on continued to operate normally throughout and after the test.
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Figure 6-3. Location of Unit Activation for StatX FR Agent Analysis Test
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Figure 6-4. Average Upper and Average Compartment Temperature Increase due to StatX FR Unit
Activation in UW Shipping Container
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Figure 6-5. Local Temperature Increase at Front Right of UW Shipping Container due to StatX FR
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Figure 6-6. Test 5, Agent Analysis: StatX FR Local Carbon Dioxide and Oxygen concentrations
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Figure 6-7. Aerosol Powder Collection on Firefighter Protective Ensemble and Breathing Apparatus
6.2.2 DSPA 5-4 Aerosol Agent Analysis Results and Discussion

The DSPA 5-4 unit was tested in the UW shipping container with the electronic devices shown in Figure
6-8. The devices included a (CRT) monitor, VCR, and a computer tower with side panel removed
(powered on). The container door was held closed and the firefighter activated the DSPA 5-4 unit from
within.

Figure 6-9, shows a plot of the average compartment temperature with time during activation and
generation of aerosol from the DSPA 5-4 unit. It can be seen that the compartment temperature increased
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by 24°C and the average upper gas layer (2.0 m) temperature increased by 31°C as a result of activation of
the DSPA 5-4 unit alone. Thermocouples closest to the DSPA 5-4 unit were attached to the front two
vertical rakes (V3 and V4) located 0.8 m from the unit during activation. None of the 16 TCs on V3 and
V4 measured temperatures exceeding 60°C.

Plots of gas concentration versus time are shown in Figure 6-10. Oxygen and carbon dioxide
concentrations fluctuate throughout the test, indicating relatively minor dilution of oxygen and generation
of carbon dioxide local to the aerosol unit during activation. The oxygen concentration in the vicinity of
the aerosol unit dropped below 20% for an instant before climbing to and holding steady at 20.7% as the
door was opened. In general and as expected, measured values of carbon dioxide concentration followed
the inverse trends.

The aerosol agent filled the compartment immediately and appeared to be evenly distributed
throughout. Once the DSPA 5-4 unit finished generating acrosol the visibility in the well-lit compartment
was assessed to be 15 cm. Ignition of the butane was attempted every two minutes without success,
meaning that the concentration of the aerosol in the compartment was sufficiently high to prevent
ignition. Two minutes after aerosol generation had ceased, the visibility increased to and held steady at 25
cm for the remainder of the 10 minute test. Ten minutes following unit activation, the compartment door
was opened, allowing the aerosol agent to escape. The firefighter remained in the back corner of the
compartment continuously attempting to ignite the butane lighter as the concentration of aerosol
decreased. It took 85 seconds from the time when the door was opened to the time when the butane was
successfully ignited.

A thin residue of aerosol particles collected on the electronics and the firefighter’s BA and PPE
during the test (Figure 6-11). The open VCR positioned 60 cm away from the DSPA 5-4 was spattered
with carbon slag as shown in Figure 6-12. The computer tower that was powered on continued to operate
normally throughout and after the test.
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Figure 6-8. Electronics Exposure and Compartment Setup for DSPA 5-4 Agent Analysis Test
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Figure 6-9. Average Upper and Average Compartment Temperature Increase due to DSPA 5-4 Unit
Activation in UW Shipping Container
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Figure 6-10. Test 5, Agent Analysis: DSPA 5-4 Local Carbon Dioxide and Oxygen concentrations

Figure 6-11. Aerosol Powder Collection on Firefighter Protective Ensemble and Breathing Apparatus
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Figure 6-12. Slag Distribution on VCR from DSPA 5-4 Activation 60 cm Away

6.3 Summary and Discussion of Aerosol Agent Analysis Tests

The agent analysis tests for both the StatX FR and the DSPA 5-4 allowed for qualitative and quantitative
assessment of aerosol distribution throughout the compartment and potential impact of aerosol generation,
discharge and residue on the surroundings if a handheld unit were to be employed in a marine
compartment with electronics. Both units were almost identical in all aspects measured; generating an
even cloud of aerosol agent that quickly filled the compartment and raised the average temperature by
about 20°C above ambient. The agent behaves very much like thick smoke in the confined compartment,
reducing visibility down to 25-30 cm in a well-lit compartment. The powder residue on the electronic
devices within the compartment was visible with the human eye and could be wiped away with a cloth;
however, it is clear that any devices that are in a room during aerosol activation would experience some
deposition of powder on their exposed surfaces. On more complex equipment with dozens of circuit
boards and micro-processors, the residue removal and component cleaning process could be costly and
time consuming. Any other immediate and/or longer-term corrosive effects of aerosol deposition on
surfaces, with and without water present, should be analysed further in future work.

The StatX FR units produce a small flame for several minutes after aerosol activation, which may
lead to the slightly lower local oxygen concentrations measured during the ten minutes after StatX
activation in contrast to the DSPA 5-4 activation. There was a relatively minor dilution of oxygen
concentration in the vicinity of the units and an equally minor production of carbon dioxide during
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activation. The concentration of oxygen did not drop below 18%, the minimum concentration to support
human life [71], for any instant in either test. Carbon dioxide concentrations remained below 0.4% with
the exception of an instantaneous spike to 1.2% after activation of the DSPA 5-4 unit. Normal
atmospheric concentration of carbon dioxide is between 0.036% and 0.039% depending on global
location [72]. As an asphyxiant gas, carbon dioxide can cause drowsiness with continuous exposure in
concentrations of 1%, but generally will not cause suffocation and unconsciousness until concentrations
reach 10% [73].

Both StatX FR and DSPA 5-4 units generated sufficiently large quantities of aerosol and distributed
them throughout the compartment appropriately to successfully prevent ignition of a butane lighter
throughout the 10 minute test. In both cases, even after the compartment door was opened and much of
the aerosol escaped, ignition did not occur for approximately one minute. This suggests that, as long as a
compartment is confined, aerosol agents will remain suspended and inhibit re-ignition of unburned fuel
for many minutes after activation of a handheld unit. In a compartment larger than the rated volume, or
where the ventilation cannot be controlled, the concentration of aerosol agent may drop below that
required for suppression and inhibition of re-ignition. Additional aerosol agent analysis tests would have
to be conducted to investigate these latter situations.
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7 Safe Storage Tests

One known issue surrounding the use of pyrotechnically generated aerosol extinguishers in the RCN is
that their formal classification as pyrotechnic devices. Under this classification, the only way aerosol
extinguishers may be brought onboard naval vessels is if they are stored and secured in upper deck
lockers. This will obviously make them ineffective as first response extinguishers simply due to the time
required to draw them from these strictly controlled lockers. The reality is that they will need to be
exempted or declassified as pyrotechnics before they can be effectively employed onboard ship regardless
of their efficacy in suppressing marine fires.

Safe storage testing of pyrotechnically generated aerosol units such as the StatX FR and DSPA 5-4
was deemed necessary to provide estimates of the potential consequences should a unit activate while in
its supplied storage case. This testing is not intended to determine the probability of such an event, but
instead was designed to better understand the potential consequences of such an event and guide
development of simple and low cost mitigating strategies for the safe storage of aerosol units in readily
available locations throughout naval warships.

To quantitatively assess potential consequences, then, several instrumented tests were conducted.
Both variants of aerosol extinguishers were activated whilst stored in their storage cases and
measurements were made of the temperatures internal to the case, the radius of hot gases being expelled
from the case, and the overall reaction of the storage cases to such an event.

7.1 Safe Storage Test Plan Development

An initial test was conducted using one StatX FR unit enclosed in a small Pelican case to establish
parameters for the safe storage tests. One Type K thermocouple was installed in the case as shown in
Figure 7-1. The StatX FR unit was activated, placed in the case as it would be when stored and the case
was closed. The test was recorded using a colour video and a thermal imaging camera. As seen in Figure
7-2, the internal temperature of the case as measured by the thermocouple rose quickly to 780°C and
remained above 600°C for 30 seconds. From the thermal imaging camera, a screen capture of which is
shown in Figure 7-3, most of the hot gases generated within the case were expelled through the two sides
of the case rather than from the front and back. An estimate of temperature was made using the IR camera
data and suggested that the hot gases being expelled were at temperatures of approximately 300°C to a
radius of 0.6 m around the case. Figure 7-4 shows the Pelican case after the test. The internal foam
packing has burned and the case is melted through at the side seals and on the bottom.
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Figure 7-2. Internal Temperature Profile of StatX FR Unit Activation in Closed Pelican Case
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Figure 7-3. Infra-Red Thermography Screen Capture of Hot Gases Exiting StatX FR Pelican Case

Figure 7-4. StatX FR Pelican Case Following Enclosed Unit Activation
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7.2 Safe Storage Test Rig Design and Development

A general appreciation for what might happen when a unit is activated within a closed Pelican case was
understood from the results of the preliminary StatX FR safe storage test outlined above. Based on this
information, a test rig was designed and built for further experimentation. This rig is shown in Figure 7-5.
Two, 2 m lengths of uni-strut were joined at right angles and 8 evenly spaced Type K thermocouples were
suspended 20 cm above the test bed floor, to allow assessment of the hot gas distribution in a radius
around a burning storage container. In addition, two thermocouples were added to measure internal
temperatures at the right and left sides of the storage case and two additional thermocouples were located
just outside the side seals of the storage case to measure the temperatures of hot gases being expelled
from the case during testing. In these second tests, two StatX FR units were placed in the storage case
(Figure 7-6) but only one was activated before the case was closed and centred under the TC rakes. In
another test one DSPA unit was placed in its storage container, centred on the test rig and activated
remotely with the case already closed (Figure 7-7). More details of the thermocouple locations and data
file names can be found in Appendix D.

Figure 7-5. Safe Storage and Incendiary Potential Test Rig
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Figure 7-6. StatX FR Safe Storage Test Setup
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Figure 7-7. DSPA Safe Storage Test Setup
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7.3 Measurements and Data Collection

Temperature data from all 20 thermocouples was recorded via the National Instruments Field Point data
logger to a custom Labview program at a sampling rate of 1.125 per second. Colour video and infra-red
thermography were also recorded throughout the tests.

7.4 Safe Storage Tests Results and Discussion

7.4.1 StatX FR Safe Storage Test Results and Discussion

The StatX FR units are normally stored with two units in each case as shown in Figure 7-6. For this test,
it was decided to activate one of the two units before closing the case and centering it under the TC rakes
of the test rig. This allowed assessment of the potential domino effect arising from activation of one unit
when a second unit was stored in the same storage case.

The left unit in the StatX FR case activated quickly (3.5-5 seconds) and the case was closed and
locked just before the generator began producing aerosol. The case was centred under the thermocouple
rakes with the seal thermocouples positioned just outside either edge. The case was kept closed during
activation and was opened about one minute after. The test results below show the temperatures while the
case was closed as well as when it was re-opened.

7.4.1.1 StatX FR Internal Case Temperatures

Figure 7-8 below shows the internal case temperature profiles generated by activation of the left StatX FR
unit in the two-unit yellow case provided by the manufacturer. The left thermocouple was closest to the
activated FR unit and it recorded temperatures that exceeded 700°C in three seconds after activation, with
a peak temperature of 852°C reached after about 7 seconds. The right thermocouple registered a peak
temperature of 607°C in seven seconds similar to the timing seem for the left thermocouple. The
thermocouple on the right side of the case recorded lower temperatures throughout the test, however, as it
was insulated from the activated unit by foam and the second un-activated FR unit.

7.4.1.2 StatX FR Edge Seal Temperatures

The two thermocouples located just outside the left and right edge seals of the closed storage case
measure temperatures representative of the hot gases escaping during unit activation. As seen in Figure
7-9, the temperature at the left seal, i.e. that side on which the FR unit was activated, reached a peak
temperature of 459°C in four seconds and remained above 100°C for 17 seconds. Much less gas was
expelled through the right hand seal and hot gas temperatures on that side of the case stayed below 50°C
throughout activation.
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Figure 7-8. StatX Safe Storage Test Internal Case Temperatures During One-Unit Activation
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Figure 7-9. StatX FR Safe Storage Test Edge Seal External Temperatures for One-Unit Activation
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7.4.1.3  StatX FR Radius of Heat Produced

On the purpose-built test rig utilized for the safe storage testing, four sets of four thermocouples were
spaced at equal distances from the centre in each direction. An average of each set of four temperatures
measured at the same distance from the centre of the rig provides data on the heat issued from the storage
containers at radii 0f 0.127 m, 0.381 m, 0.635 m, and 0.787 m.

Figure 7-10 shows the average temperature profiles measured with time at each of the four radii
around the storage case during the activation of one enclosed StatX FR unit. The temperature increases
are due to hot gases being expelled from the closed case. None of the average temperatures measured at
any radius from the case exceeded 35°C. The gradual temperature increase at the 0.127 m away from the
case is due to heat transfer from the top of the storage case which is located only 3 cm below the four
respective thermocouples on that radius. These results show that, on average, there is little heat distributed
around the case during activation of an enclosed aerosol unit. However, since temperatures near the left
seal of the case, plotted in Figure 7-9, exceeded 450°C, it was decided to look at the other thermocouples
on that rake to estimate the heat that might have been directed along that axis. Figure 7-11 shows
temperature time traces measured by the left seal thermocouple, at 0.220 m, as well as by the other four
thermocouples on the rake to the left of the unit. This plot reveals that the highest temperature registered
by the four other thermocouples is at 0.381 m, which peaks at 106°C or 350°C cooler than the peak
temperature measured at the left seal (0.220 m). Moving away from the case in the same direction, all the
temperatures remain below 45°C. The rapid temperature drop is due in part to the fact that the hot gases
being expelled from the case are rising above the horizontal rake of thermocouples, confirmed by analysis
of the IR thermography footage. Modifications to the present rig would be required to better investigate
heat generated during accidental discharge of a stored aerosol unit.
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Figure 7-10. Radius of Heat Generated from StatX FR Enclosed Activation
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Figure 7-11. StatX FR Temperature Profile in Direction of Hot Gas Blowout
7.4.1.4 StatX FR Second Unit Auto-Activation in Fire

The StatX FR safe storage test consisted of activating only one of the two units stored in the manufacturer
supplied storage case. During activation, temperatures internal to the case exceeded 800°C but the second
stored aerosol unit did not activate. The case was opened about 1 minute after the start of the safe storage
test and melted foam inside the case ignited, such that flames engulfed the second stored but un-activated
FR unit. Figure 7-12 shows the internal case temperatures as a function of time including the initial
activation of one unit in the storage case, through to when the case was opened, and finally to the time at
which the second unit self-activated due to direct flame impingement. Looking only at the period of time
when the case was open, the second unit was exposed to temperatures in excess of 600°C for 90 seconds
before it activated. Once activated, the temperature on the right side of the case, where the second unit
was located, increased rapidly to a peak of over 1300°C. Video and IR thermography of activation of the
second unit reveal that the aerosol generation and dispersion from an auto-ignited StatX FR unit differs
considerably from one that is activated normally using the internal fuse. The cloud of aerosol produced
upon accidental activation of the unit was not as dense and did not remain suspended in the air to same
extent as that generated under normal activation of the unit.
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Figure 7-12. Auto Ignition of Second StatX FR Unit Engulfed in Flame
7.4.2 DSPA 5-4 Safe Storage Test Results and Discussion

The DSPA 5-4 is normally stored in a commercial-off-the-shelf (COTS) Pelican case as shown in Figure
7-7. This is the same size Pelican case that the manufacturer recommends for the larger DSPA 5 unit,
which is an aerosol suppression unit designed to protect compartments up to 60 m’. The version of
aerosol extinguisher used in this test is the DSPA 11-4, which is the fitted version of the DSPA 5-4 but
has the same active agent and the same quantity of agent as does the DSPA 5-4. Using the DSPA 11-4
allowed for remote activation of the unit using a DC current while keeping the storage case closed and
centered under the thermocouple rakes on the test rig. Temperature data was recorded within the case,
directly external to the side seals of the case, and on the uniform grid of thermocouples located on the
Uni-Strut rakes described above. Colour and IR video were also recorded.

The case was kept closed during activation of the DSPA unit and for about one minute thereafter.
The test results below show temperatures while the case was closed, as well as when it was re-opened.

7.4.2.1 DSPA 5-4 Internal Case Temperatures
Figure 7-13 shows the internal case temperature versus time profile resulting from remote activation of

the DSPA unit in the COTS Pelican case provided by the manufacturer. The unit was centered in the
Pelican case, being equidistant from the left and right internal thermocouples. The left thermocouple
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recorded temperatures that exceeded 700°C in 6 seconds with a peak of 794°C at about 12 seconds after
activation. The right TC exceeded 700°C in 8 seconds and peaked at 821°C in 15 seconds. The average
internal case temperature remained above 700°C for 17 seconds before cooling rapidly as the unit stopped
generating aerosol.
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Figure 7-13. DSPA 5-4 Safe Storage Test Internal Case Temperatures during Unit Activation

7.4.2.2 DSPA 5-4 Edge Seal Temperatures

The two thermocouples located just outside the left and right edge seals of the closed storage case
measure temperatures representative of the hot gases that are expanding and escaping from the case
during activation of the unit. As seen in Figure 7-14, the temperature at the right seal reached a peak of
328°C in nine seconds and remained above 100°C for 52 seconds. Much less hot gas was expelled through

the left seal. The temperatures at that seal did, however, rise above 100°C in eight seconds and remained
above 100°C for 16 seconds.
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Figure 7-14. DSPA 5-4 Safe Storage Test Edge Seal Temperatures during Unit Activation
7.4.2.3 DSPA 5-4 Radius of Heat Produced

The same test rig utilized for the safe storage testing of the StatX FR units was used in this test. An
average of each set of four temperatures corresponding to the same distance from the centre of the rig
again provided data on the heat issued from the storage containers at radii of 0.127 m, 0.381 m, 0.635 m,
and 0.787 m in four directions.

Figure 7-15 shows the average temperature profiles measured with time at each of the four radii
around the storage case during activation of one enclosed DSPA 11-4 unit. The temperature increases are
due to hot gases being expelled from the closed case. None of the average temperatures measured at any
radius from the case exceeded 26°C. The gradual temperature increase at the 0.127 m away from the case
is due to heat transfer from the top of the storage case which is located only 3 cm below the four
respective thermocouples on that radius. These results show that, on average, there is little heat distributed
around the case during activation of an enclosed DSPA 11-4 aerosol unit. However, since temperatures
near the right seal, plotted in Figure 7-14, exceeded 336°C, it was decided to look at the other
thermocouples on that rake to estimate the heat that might have been directed along that axis. Figure 7-16
shows temperature time traces measured by the four thermocouples on the rake situated on the right side
of the case. The right seal temperature, at 0.220 m, is omitted from this plot. From Figure 7-16, it is clear
the temperatures measured along this rake, which is aligned in the direction along which hot gases are
issuing from the case, were not much higher than average temperatures seen in the other directions and
shown in Figure 7-15. The temperatures at all four distances from the centre remained below 40°C,
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indicating that the right seal temperature is by far the highest and locations beyond the seal remained
relatively cool. It must also be mentioned, however, that the rapid temperature drop is due in part to the
fact that the hot gases being expelled from the case are rising above the horizontal rake of thermocouples

along a given axis so the highest temperatures at positions away from the case seals may not have been
captured in these results.
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Figure 7-15. Radius of Heat Generated from DSPA 5-4 Enclosed Activation
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Figure 7-16. DSPA 5-4 Temperature Profile in Direction of Hot Gas Blowout
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7.4.3 Safe Storage Testing Summary of Results

The safe storage tests conducted in this study provided a quantitative measure of the consequence of an
aecrosol unit activating inside its manufacturer-supplied case. Results reveal that internal case
temperatures during inadvertent unit activation can exceed 800°C for several seconds and that the
temperatures of hot gases which expand and escape from the side seals of the cases can exceed 400°C.

The tests indicated that the storage cases were able to contain most of the heat generated during
inadvertent activation of either aerosol unit; however, temperatures in the ranges measured during these
tests need to be respected. By means of comparison, structural steel has an annealing temperature of
approximately 740°C and a melting point of approximately 1400°C depending on the percentage of
carbon [70]. Although the temperatures reported here are well below the melting point of structural steel,
they are above the annealing point, which is the point where yield and tensile strengths are reduced
significantly. Given the short exposure times expected during inadvertent activation of an aerosol unit this
may not pose a significant risk, but it is a situation that should certainly be considered during future
deliberations on the use and safe storage of aerosol extinguishers on board vessels.

As shown in Figure 7-17 and Figure 7-18, activation of aerosol extinguishers within their storage
cases led to melting and burning of the foam packing. In most cases, this also caused the storage cases to
melt in several locations. Under the correct circumstances, this could potentially lead to ignition or
burning of adjacent flammables. While the temperatures at the edge seals were shown to exceed 400°C,
they decreased rapidly with distance from the storage case. Additionally, the fire suppression agent is
carried with the hot gas, which works to decrease the risk of igniting adjacent fuel sources, especially if
onboard racks are built to absorb/deflect any hot gases that might issue from the edge seals in the unlikely
case of an accidental release of an aerosol generator while in storage. Both cases were opened
approximately one minute after the aerosol units ceased generating their suppression agent. The DSPA
case did not ignite into flames at this point, while the StatX case did ignite. StatX FR units continue to
produce a small flame for 1-3 minutes after activation, which produced a piloted ignition source for the
already molten foam and plastic of the storage case, causing their vapours to burn once oxygen was
introduced.

The storage of more than one unit in each case brings with it a higher level of consequence than
storage of single units in each case, since auto-activation of a second stored unit by heat exposure can
occur unexpectedly. As shown by the StatX FR safe storage test, an accidental or an unplanned activation
of a second unit can produce local temperatures that exceed 1300°C. This should be considered a
significant risk to personnel and equipment. As such, un-activated aerosol units that might be exposed to
heat present an added variable and risk that needs to be appreciated and accounted for in any fire scenario.
The situation can be fairly easily mitigated using a relatively small amount of cooling water, for example,
but nonetheless the potential scenario should be considered in the siting of unit storage areas and final
development of SOPs. Other scenarios where auto-activation could be a concern are dud fuses, or fires
in compartments with aerosol generators stored or fitted. While auto-activation of the aerosol generator
does supply fire suppression agent to a compartment, it is still an uncontrolled and unexpected release of
significant heat that can pose a hazard to personnel and equipment that are in the vicinity.
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Figure 7-17. StatX FR Safe Storage Test Case after Unit Activation

Figure 7-18. DSPA 5-4 Safe Storage Test Case after Unit Activation
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8 Incendiary Potential Tests

Since the StatX FR and the DSPA 5-4 produce flames and hot gases reaching 800°C (as with all
pyrotechnically generated aerosols), a series of incendiary potential tests were developed to assess the
impact of activating small aerosol extinguishers in large volumes. It is understood that the heat and hot
gases produced from aerosol extinguishers are somewhat negated by the fire suppression agent generated
in the compartment volume and pale in comparison to the total heat produced by, and damage from, a
fire. This stage of work, however, seeks to understand the potential for pyrotechnically generated aerosol
extinguishers to start a fire if they are used incorrectly and/or are activated in a compartment much larger
than that for which the aerosol unit was designed. The risk scenario imagined is a large mess or wardroom
in a major warship with a volume of 70-100 m® and containing a high Class A fire load. Even assuming
that this volume is confined properly, it is still 3-5 time larger than the rated volume of either the StatX
FR or the DSPA 5-4 handheld aerosol extinguishers. If smoke from bacon grease in the back pantry
generates a Damage Control System (DCS) Alarm and is thick enough to cause RRT members to back
away, a handled aerosol unit could be activated and thrown into the compartment prior to confinement.
The question here, then, is how much incendiary potential will the unit add to the fire scenario if it lands
on the couch cushions? Other scenarios in naval applications where the incendiary potential of aerosol
agents may be of concern are proximity to ammunition, to fuel storage and transfer systems, and to
casualties. The radius of heat produced from these devices needs to be better understood in order to
properly influence SOP and training programs.

8.1 Incendiary Potential Test Development

With the amount of heat produced by the StatX FR and the DSPA 5-4 during aerosol generation, it is
important to understand their incendiary potential to ensure that SOP may be developed to mitigate risks.
To begin to understand this potential, each unit was activated in open air on a piece of polyurethane (PU)
foam located on the safe storage and incendiary potential test rig outlined in Section 7.2. The PU foam
slabs were 63.6 cm x 68.6 cm x 10.2 cm and contained no fire retardants. The tests were conducted
outside, in low wind and with wind baffles in place, and a light rain as shown in Figure 8-1. The goal was
to assess the potential for the units to ignite the PU foam as they generated the aerosol fire suppression
agent in an open volume.

As shown in Table 8-1, there are many factors and variables that impact the flame spread over
combustible solids [54]. The incendiary potential tests conducted on the StatX FR and the DSPA 5-4
sought to minimize these variables for one type of fuel, polyurethane foam, at the same initial temperature
and conditioned to the same moisture content (40% RH). The tests were conducted with the same ambient
conditions and the same orientation, while the wind effects were minimised thru the use of 2.4 mx 2.4 m
baffles on each side of the test rig. It is important to note that varying any of these conditions will produce
different results and this is merely a starting point for understanding the incendiary potential of handheld
pyrotechnically generated aerosol extinguishers. Using un-upholstered, flat, non-fire-retarded PU foam in
open air can be considered a worst case scenario for a test of the incendiary potential of an aerosol unit.
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Figure 8-1. Incendiary Potential Test Setup and Ambient Conditions

Table 8-1. Factors affecting rate of flame spread over combustible solids

Material Factors .
Environmental Factors

Chemical Physical
Composition of fuel Initial temperature Composition of atmosphere
Presence of retardants geometry Pressure of atmosphere

Surface orientation Temperature

Density Imposed heat flux

Thickness Air Velocity

Thermal Capacity

Thermal Conductivity

8.2 Properties of Polyurethane Foam

Polyurethane (PU) is a polymer that is commonly used in foam seat cushions, foam insulation, seals,
gaskets, synthetic clothing, carpeting and upholstering materials, and adhesives. Although the RCN seeks
to limit the amount of non-fire retarded synthetic materials onboard warships, their presence does exist in
the form of packaging, electronics, personal clothing, bedding, and furniture. Therefore, non-fire retarded
PU foam was chosen as the fuel for incendiary potential testing.
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Some of the common properties for PU foam are listed in Table 8-2 below [54]. When fire retardants are
not added, PU foam melts and burns relatively easily, producing a heat release rate of approximately half
that of diesel fuel but roughly 50% higher than cellulose based fuels (i.e. plant products such as wood)
[62].

Table 8-2. Properties of Polyurethane Foam

. 3. | Heat Capacity Thermal. Heat O.f Melting Point | Flame Point
Density (kg/m”) (kI/ke K) Conductivity | Combustion “C) “C)
& (W/m.K) (K)/g)
20 1.4 0.034 24.4 ~100 ~340
Thermal Thermal Inertia, | Critical Radiant | Critical Surface
Resistance, o kpc, Heat Flux Temperature | Rate of Flame Spread (mm/s)
(m%/s) (W2s/m* K?) (kW/m?) (°C)
1.2x10° 9.5x10° ~15 >300 3.7

8.3 Measurements and Data Collection

For each test, the foam slab and aerosol unit were positioned on the purpose-built test rig also utilized for
the safe storage testing, positioned such that four thermocouples were spaced at equal distances from the
centre in each direction. An average of each set of four temperatures corresponding to the same distance
from the centre of the rig provides data on the heat issued from the aerosol units at radii of 0.127 m, 0.381
m, 0.635 m, and 0.787 m. Additionally, the two thermocouples that had previously been used to measure
edge seal temperatures during the safe storage tests were positioned to provide temperature data at a
radius of 0.254 m.

Temperature data from the 20 thermocouples on the rig was recorded via the National
Instruments Field Point data logger to a custom Labview program at a sampling rate of 1.125 per second.
Colour video and Infra-red thermography of the tests were also captured.

8.4 StatX FR Incendiary Potential Test Results

Prior to commencing the test, the data logger measuring TC temperatures and the IR and colour video
cameras were started. Following this, the StatX FR aerosol extinguisher was activated and placed in the
centre of the foam slab centered under the intersection of the two thermocouple rakes.

Figure 8-2 shows the profiles of average temperature measured with time at five radii around the
StatX FR unit during after activation. As the aerosol was generated, temperatures at the 0.127 m radius
rose rapidly to exceed 800°C. Since the StatX FR unit disperses aerosol thru three rows of concentric
rings at the bottom of the extinguisher, some heat was directed downward directly into the PU Foam,
causing it to melt and allowing the StatX FR unit to fall into the pool of molten polymer. Because the
StatX FR unit dropped beneath the surface of the 10.2 cm thick foam slab, the radius of heat from the unit
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was no longer accurately measured. After the unit stopped generating aerosol, at about 20 seconds after
activation, the temperature at the 0.127 m radius dropped quickly. At this point also, the StatX FR unit
had melted, vaporised and ignited the PU foam, so temperatures measured at the respective radii
following the initial 20 seconds after activation were due to the burning of the foam slab.

Due to wind conditions and the direction of the hot gases relative to the aerosol generation, it is
difficult to assess a true radius of heat produced during this test. Images taken by the IR camera helped to
provide a better appreciation for the three dimensional flow of sparks and hot gases from the StatX FR
unit. From the IR thermography taken during the test, it can be seen that hot gases with temperatures in
excess of 300°C, extend out to the edge of the test rig, which is approximately 1 m from the location
where the unit is activated. Figure 8-3 shows four screen captures from the IR thermography for the 20
second period during unit activation and initial generation of aerosol. Following this, the PU foam
continued to burn until extinguished with water.
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Figure 8-2. StatX FR Incendiary Potential Test Radius of Heat Produced by Aerosol Unit and PU Foam
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Figure 8-3. StatX FR Incendiary Potential Test IR Thermography Prior to, during and after Activation

8.5 DSPA 5-4 Incendiary Potential Test Results

Prior to commencing the test, the data logger measuring TC temperatures and the IR and colour video
cameras were started. One DSPA 5-4 aerosol extinguisher was activated and placed in the centre of the
foam slab centered under the intersection of the two thermocouple rakes.

Figure 8-4 includes plots of the profiles of average temperature measured with time at five radii
around the DSPA 5-4 unit during and after activation. Unlike the StatX FR unit, the aerosol agent from
the DSPA 5-4 unit is dispersed around the circumference of the unit in a direction parallel to, and located
5 cm above, the surface of foam slab. For this reason, the radius of heat was more easily measured in this
test and the DSPA unit did not melt itself into a pool of molten PU foam. In fact, the DSPA unit remained
on a pedestal of un-melted foam while the foam around the unit began to melt, vaporise and burn. As a
result, the temperatures at the 0.127 m radius are the lowest of those measured across the five radii.
Looking at the 0.787 m radius, the average temperature peaked at 555°C in 15 seconds and remained
above 400°C for almost 10 seconds. The average temperature of the 0.254 m radius peaked at 1028°C.
The heat produced during thermal decomposition of potassium nitrate to produce potassium carbonate
aerosol far exceeds the ignition temperature for the PU foam and the aerosol suppression agent did not
suppress the ensuing fire. The unit stopped generating aerosol about 20 seconds after activation, at which
time the temperatures dropped to values representative of those expected during steady state burning of
the foam alone.
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Due to wind conditions and the direction in which the hot gases were issued relative to the
aerosol generation, it was again difficult to assess a true radius of heat produced using the data from the
20 thermocouples in the test rig. The IR camera helped to provide a better appreciation for the three
dimensional flow of sparks and hot gases from the DSPA 5-4 unit. From the IR thermography taken
during the test it can be seen that hot gases exceeding 500°C extend out to the edge of the test rig, which
is approximately 1 m from the location of unit activation. Figure 8-5 shows four screen captures from the
IR thermography for the 20 second period of unit activation and aerosol generation, after which the PU
foam continued to burn until extinguished with water.
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Figure 8-4. DSPA 5-4 Incendiary Potential Test Radius of Heat Produced by Aerosol Unit and PU Foam
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Figure 8-5. DSPA 5-4 Incendiary Potential Test IR Thermography Prior to, during and after Activation

8.6 Incendiary Potential Test Summary and Discussion

The incendiary potential tests conducted using the StatX FR and the DSPA 11-4 (same active agent as the
DSPA 5-4 but may be remotely activated) aerosol extinguisher units reveal that both units have the
potential to ignite secondary fuel sources since they generate sufficient heat to melt, vaporize and ignite
PU foam during aerosol generation. When the potassium carbonate suppression agent cannot be confined
to the immediate area in which the unit has been activated, the natural buoyancy of the aerosol agents
causes them to rise above the burning material. In terms of volume, these tests were a worst case scenario
since, although the winds were very light, the tests themselves were conducted in open air with no
confinement of the aerosol particles.

Temperatures measured in these tests are a combination of temperatures indicative of thermal
decomposition of potassium nitrate and those indicative of burning PU foam, so it is difficult to ascertain
a radius of heating that can be attributed to the aerosol units themselves. Analysis of IR thermography
suggests that hot gases (ranging from 200-500°C) and sparks from the aerosol units extend to the edges of
the test rig, which is about 1 m. Further testing should be conducted to more accurately determine the
possible radius of heating from the aerosol extinguishers themselves.

The StatX and the DSPA 5-4 generate aerosols, and therefore heat, in different ways so their
effects on the foam slab were different. The StatX units direct heat from concentric rings around the
bottom of each unit, while the DSPA units direct it around the circumference of the unit and parallel to
the surface it rests on. Therefore, a StatX FR unit will always direct heat downward onto the surface it is
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sitting on. In the case of a PU foam slab, this resulted in the aerosol unit melting a hole through the slab
and falling to the bottom of the slab while still generating aerosol. On the other hand, the DSPA unit
melted the foam around it but the foam directly beneath the unit was damaged to a much lesser extent. For
the case of units landing on a couch cushion then, it is reasonable to assume that both units can melt the
cushions and bury themselves into the couch, creating a difficult fire to control and overhaul. The
potential for this is assessed to be higher with the StatX FR unit than the DSPA 5-4. Further testing could
be undertaken in a more controlled fashion by using a compartment of volume double that for which the
aerosol units are rated, (i.e. 40 m®), and using common furnishings. Future testing of this nature would
help to better understand the incendiary potential of handheld aerosol units.
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9 Conclusions and Recommendations

This research focussed on a scientific evaluation of the fire suppression efficacy of two variants of
handheld pyrotechnic aerosol extinguishers against simulated, repeatable, marine fire scenarios. An
instrumented single fire compartment experiment was set up and instrumented and a sequence of live fire
suppression tests run with fuel loading and ventilation parameters set to produce a consistent and
repeatable fully developed fire environment. Key suppression parameters such as upper gas layer cooling
rate, impact on thermal stratification, and total compartment cooling effect were measured for a variety of
representative fire situations. Aerosol only and dedicated fire tests were conducted to evaluate ancillary
issues such as potential aerosol particulate deposition on equipment, as well as the safety, safe storage and
incendiary potential of the pyrotechnically activated aerosol units. While the testing was designed to
evaluate handheld aerosol extinguishers, the analysis and hence, many of the conclusions and
recommendations below, pertain to the broader subject of pyrotechnically generated aerosol agents in
general, both as possible Halon 1301 replacement agents or as may be scaled to suit multiple marine, and
other similar fire, applications. In the following sections, conclusions and recommendations are
summarized for each series of evaluation tests undertaken in this research, beginning with those related to
the location of aerosol units for optimum suppression efficiency, through those related to the use of
aerosols for suppression of class A and class B fires, and ending with those related to safe storage and
incendiary potential of the handheld units in naval applications.

9.1 Location of Aerosol Activation

The suppression testing conducted in the course of this work revealed the importance and significance of
both compartment confinement and the location of activation of handheld aerosol units. In this respect
several conclusions can be drawn.

Test results indicate that the only consistent way to achieve fire extinguishment of a fully
developed diesel fire in an unconfined or breached compartment is to locate the source of oxygen feeding
the fire and activate the aerosol units such that the aerosol agent is carried to the seat of the fire along with
the oxygen that is being drawn in by the fire. Otherwise, the light aerosol particles are easily dispersed by
the turbulent and buoyant hot gas flows within the compartment volume and/or are carried out of the
compartment with the upper layer gases and do not effectively suppress the fire.

In preliminary tests conducted in the UW shipping container with the door held open at 30 cm,
StatX FR and DSPA 5-4 units had very little effect on fully developed diesel fires even when they were
activated beside the diesel pan itself. The micron-sized potassium carbonate particles of the aerosol agent
were not entrained into the reacting zone (flames) and thus no significant suppression occurred prior to
the aerosol being dispersed and carried out of the compartment. This result was surprising to both
manufacturers, as they had expected much more effective suppression, even with the compartment door
open a small fraction (30 cm). It is felt that, generally speaking, the interactions between the small
aerosol particles and the buoyancy of hot expanding gases in a fully developed fire environment was not
fully understood. In this respect, pre-flashover fire environments or fires early in their growth stage would
be much less challenging for the StatX FR and the DSPA 5-4.
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The iterative process that was required for determining the optimum location of aerosol activation
revealed that open diesel fires could be extinguished if the units were activated on the floor just inside the
door of compartment where the aerosol suppression agent could be carried to the fire with the natural
draw of oxygen. In these results, combining the aerosol generation pathways with the draw of combustion
air appeared to be the only way to achieve consistent fire extinguishment without closing the
compartment door. The chosen location for aerosol activation also provided a repeatable scenario for
measuring suppression efficacy without changing the compartment ventilation for the present tests.

For the Test 1 open fires that were extinguished with the door open, the efficacy of both aerosol
units were similar and mimic the effect of confinement of a compartment with subsequent oxygen
starvation of the fire. The fires were suppressed and then extinguished causing rapid temperature drops in
the compartment. To have this efficacy on a well-ventilated, fully developed diesel fire environment
shows that micron-sized potassium carbonate aerosol agents are effective fire suppressants; however, it
was only under very controlled circumstances that this effect could be achieved. In a larger compartment
with multiple paths for gas flow in and out, determining an effective location for aerosol activation may
be challenging, especially in an environment obscured by smoke. This should be less of a concern in the
context of large fitted systems with multiple aerosol generators distributed throughout the compartment.
Such systems are normally overdesigned to accommodate for obstructions and ventilation leakage and as
such, should perform better against unconfined fully developed fires.

From the opposite perspective, the present testing has confirmed again the importance and
efficacy of fire compartment confinement on its own in terms of suppressing, and possibly even
extinguishing, a fire.

9.1.1 Recommendations for Handheld Aerosol Unit Activation

e In a fully developed fire environment that cannot be confined, it should be considered and
appreciated that the buoyancy and turbulent flow of the hot combustion gases can disperse the
micron-sized potassium carbonate particles and carry them away from the fire just like smoke;

e [If a compartment cannot be confined fully, AT personnel should make an assessment of the flow
of cool air that is naturally being drawn into the compartment by the fire and activate the
handheld aerosol units on that path;

e StatX FR and DSPA 5-4 units should always be coupled with proper, complete and effective
compartment confinement, remembering that confinement on its own can starve, suppress and
extinguish the fire; and

e Confinement of a fire compartment or a fire zone within a naval warship remains the quickest and
most effective first response to a fire that is too large for portable extinguishers, limiting fire
growth, fire spread, and smoke and toxic gas contamination.

9.2 Aerosol Suppression of Obstructed Class B Fires
As seen from the results of Test 2 and 3, aerosol suppression efficacy can vary greatly due to the location

in which a unit is activated relative to the fire as well as by the effects of ventilation. Tests 2a and 2b were
suppression tests conducted on obstructed diesel fires with the compartment door open at 30 cm and the
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aerosol units placed just inside the door after activation. Although this strategy had been successful for
suppression of open diesel fires in the same compartment, the presence of the engine obstruction mock-up
over the same fire greatly reduced the impact of the aerosol agent on the obstructed diesel fire. The
aerosol particles were not able to penetrate the flaming zones of the fire and also could not suppress the
fire and cool the environment sufficiently to overcome the effects of radiant heat from the hot steel
enclosure down to the unburned fuel. Thus, although some minimal effect was seen, the fire was not
extinguished.

An additional suppression test (Test 2c) was conducted with the compartment door closed after
the unit was activated. This combined the effects of aerosol suppression with oxygen starvation of the
fire. Comparison of suppression results from Test 2c against results observed when the fire was only
starved of oxygen, provided a measure of suppression efficacy of the aerosols. The main issue to be
highlighted from these results, however, is that these small aerosol extinguishers may have little effect on
an obstructed Class B fire if the compartment cannot be confined and/or it has a volume larger than 20

m.

In Test 2c, it was seen that compartment cooling rates and total cooling effects could be increased
by 30-40% when aerosol suppression was combined with compartment confinement in comparison to
using oxygen starvation alone. This is a significant improvement in suppression efficiency and these
controlled test results suggest that StatX FR and DSPA 5-4 units are of substantial benefit against
obstructed Class B fires as long as the compartment is not larger than the rated volume for the aerosol
units being used and that it can be completely confined after the aerosol units have been activated. The
additional impact of the aerosol, then, will reduce the heat transfer to adjacent compartments and will
reduce the risk for rapid fire growth when oxygen is re-introduced to the fire environment during
overhaul.

Comparison of results from Test 2¢ (Obstructed diesel fire, door closed) and Test 3a (Obstructed
bilge diesel fire, door closed) reveals that the aerosol units that were activated under the fire and
submerged in water as might be the case in a bilge fire situation had a significantly greater impact in
terms of suppressing the fire and cooling the compartment than those activated and placed near the door
of the compartment. For the case of aerosol generation under water, aerosols generated from both units
significantly impacted the obstructed diesel fire even when the compartment was door fully open (Test
3b). The DSPA 5-4 unit actually extinguished the fire for this scenario. Considering that the same units
had very little impact on the behaviour of the same obstructed diesel fire when activated in the open
compartment with the compartment door held at 30cm (Test 2a and 2b), the results of the simulated bilge
tests clearly indicate the benefits of activating aerosol extinguishers at locations under the fire. Another
benefit of activating pyrotechnically generated aerosol units while submerged in water is that their own
incendiary potential is greatly reduced over activation in the open.

9.2.1 Obstructed Class B Fire Suppression Recommendations

e If a compartment is larger than the rated volume for a particular aerosol unit and/or if the
compartment cannot be confined, it is possible for handheld aerosol extinguishing units to have
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very little effect in terms of suppressing an obstructed fire. Therefore, when possible, aerosol
units should be activated under obstructed fires or under bilge fires; and

e When it is not possible to activate aerosol units under an obstructed fire within a breached
compartment, it is recommended that the aerosol unit(s) be activated at the point of air intake
feeding to fire. This will help to ensure that the aerosol agent is carried to the flames by the fire’s
natural pull for oxygen.

9.3 Aerosol Suppression of Class A Fires

The results of the aerosol suppression of softwood crib fires (Test 4) show that aerosol agents do not
reach the deep seated smoldering embers of a Class A fire so that overhaul with water is still normally
required. Smoldering, oxygen deprived, Class A fires can generate enough heat to cause unburned fuel
within a compartment to vaporize, creating a fuel rich environment with hot embers as ignition sources.
Under certain circumstances, if oxygen were re-introduced into the compartment for overhaul, this
combination could lead to scenarios involving rapid and unexpected fire growth.

The performance of both the StatX FR and the DSPA 5-4 in suppressing Class A softwood crib
fires was very similar. They both cooled the upper gas layer about 30% faster than closing the door alone
and they both had a total cooling effect on the compartment that was about 30% greater than just closing
the door. This cooling effect is significant in that it decreases the risk of rapid fire growth when oxygen is
reintroduced and the aerosol agent concentration is diluted or the aerosol escapes.

In Class A fires, re-ignition of some of the fuel in the compartment is expected, as seen with this
testing and multiple other test scenarios at the UW Fire Research Facility. Indeed, deep seated embers still
burning after suppression of the class A fires caused the test fires to re-flash when the compartment door
was opened. Therefore overhaul of the fire scene with water is still required.

A main issue or danger is the possibility of igniting hot fuel vapours that have been generated and
accumulated within the compartment while it was confined awaiting an AT. The present test results
suggest that use of aerosol agents may reduce this risk by decreasing the compartment temperatures;
however, the risk is not completely averted. While the added cooling due to aerosols makes the
environment safer when compared to oxygen starvation alone, it cannot be assumed that fire
extinguishment is achieved and unburned fuel vapours can accumulate in the vicinity of the fire. The lack
of oxygen and the presence of the aerosol agent in suspension prevent re-ignition and rapid fire growth
when ventilation is controlled; however, care must be taken when breaching the fire zone for overhaul to
avoid a dangerous rapid growth scenario. It is very difficult to predict the onset of a dangerous rapid fire
growth scenario, and as such, care should always be taken when reintroducing oxygen to a fire
environment with or without the previous use of aerosol agents. As an additional precaution, prediction of
the potential for rapid fire growth can be facilitated if the temperature and stratification of the fire
environment are known by the use of sensing equipment, such as thermocouple arrays, prior to
reintroducing oxygen.
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9.3.1 Class A Fire Suppression Recommendations

e Regardless of whether aerosol agents have been used, prior to breaching the fire compartment or
fire zone it should be assumed that rapid fire growth is possible upon reintroduction of oxygen to
a compartment;

e The fire zone should remain confined until the moment the AT is 100% ready to commence water
overhaul. The temperatures will continue to drop and the aerosol agent will continue to suppress
flames as long as confinement is maintained; and

e Temperature data within the fire compartment will assist Damage Control (DC) personnel in
determining the optimum dwell time for aerosol agent. The RCN should consider installing
thermocouple arrays in critical or high fire risk compartments to provide DC personnel with a
greater situational awareness prior to breaching a primary fire zone.

9.4 Aerosol Only Agent Analysis

Agent analysis tests were conducted to evaluate the generation of aerosol agent from StatX FR and the
DSPA 5-4 units alone, without a fire scenario. The aim was to better understand the distribution,
suspension, obscurity, re-ignition potential, compartment temperatures, oxygen dilution and carbon
dioxide production, and aerosol residue deposition on electronics and firefighter and protective ensemble.
The testing revealed that both aerosol units generated agent quickly and evenly to fill and fully obscure an
appropriately sized room with suspended suppression agent. Both agents behaved very much like smoke
and left a thin residue on the compartment walls, the exposed electronics, and the firefighter’s BA and
PPE. Visibility within the compartment was reduced to 25-30 cm throughout the tests despite the use of
two 500 W halogen lights. The obscurity caused by aerosol particulates was similar to that of a smoke
filled compartment and the constant level of obscurity observed over a 10 minute test period indicated the
ability of the aerosol to remain suspended at the proper concentration for at least ten minutes. This was
also verified by failed attempts to ignite a butane lighter at the 2 m height in the compartment through the
ten minute tests of both the StatX FR and the DSPA 5-4. The combined results suggest that as long as the
agent is maintained within a confined space of the rated design volume for a unit, ignition of unburned
fuel will be inhibited even in the presence of an ignition source such as sparks or hot surfaces.

Average compartment temperatures rose by about 25°C on activation of both units. This attests to
the large amount of heat produced by pyrotechnically generated aerosol devices during activation.
Locally, the units were found to increase gas temperatures above 100°C out to a 1 m radius. Gas analysis
conducted during the agent analysis tests suggested that dilution of oxygen and production of carbon
dioxide due to the aerosol units alone are not enough to make the environment uninhabitable or toxic to
humans without BA.

9.4.1 Aerosol Only Agent Analysis Recommendations

e Due to deposition of aerosol particulate on surfaces during use, the potential corrosiveness of the
aerosol agent residue, along with other residues of compounds likely to be generated during fire
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suppression using aerosol agents, should be further investigated to understand their impact on
sensitive and mission critical equipment;

e Activation of aerosol agents basically creates a fully obscured environment similar to a smoke
filled compartment and thermal imaging cameras will be required for clearing casualties and
compartment overhaul;

e The majority of the aerosol agents (those that have not yet settled onto compartment surfaces) can
be exhausted as smoke once fires are overhauled;

e Aecrosol agent residue should be removed from electronic equipment as it can absorb moisture
and can possibly track electrical currents across sensitive micro-circuitry; and

e The micron-sized potassium carbonate particles are easily affected by ventilation and will escape
an unconfined compartment, reducing suppression efficacy and increasing potential for re-
ignition of unburned fuel vapours. The importance of combining fire zone confinement with
aerosol agent suppression cannot be overstated.

9.5 Aerosol Safe Storage Tests

Safe storage testing was conducted in order to obtain some quantitative measure of the consequence of an
uncontrolled, unplanned, or accidental activation of a StatX FR or a DSPA 5-4 pyrotechnically generated
aerosol extinguisher within its supplied storage case. This testing did not assess the probability of such an
occurrence, as that would require specific risk analysis and manufacturers’ data.

For each test, one StatX FR or one DSPA 5-4 extinguisher was activated and enclosed within its
supplied case. Internal case temperatures, edge seal temperatures, and the radius of heating produced in
four directions out to 0.787 m around the device were measured. Temperatures inside the cases for both
the StatX FR and the DSPA 5-4 tests exceeded 800°C during the generation of aerosol agent. In both
cases, the internal gas pressure buildup was relieved through the sides of the case at the edge seal. Very
little hot gas was expelled from the front clasps or the rear hinges of the cases. The hot gases that did
escape from the edge seals were between 300-400°C, which poses a significant thermal hazard.
Remembering that the values of temperature decreased rapidly with distance from the unit and that fire
suppression agent is carried with the hot gas, the risk of igniting adjacent fuel sources should not be high,
especially if onboard racks are built to absorb/deflect any hot gases that might issue from the edge seals in
the unlikely case of an accidental release of an aerosol generator while in storage.

In both tests, the storage cases remained relatively intact and contained the majority of the flames
and sparks produced by the aerosol generators. That was remarkable, considering that these cases are
commercial off the self (COTS) and were exposed to temperatures exceeding 800°C for 10-20 seconds
with only small hot gas blowouts. The foam within the cases melted completely. When the DSPA 5-4
case was re-opened after unit activation, the vapours from the foam did not ignite upon re-introduction of
oxygen. However, the foam did re-ignite when the StatX FR case was re-opened. StatX FR units continue
to produce a small flame for 1-3 minutes after activation, which produced a piloted ignition source for the
already molten foam and plastic of the storage case, causing their vapours to burn. This situation was
exacerbated by having a second un-activated StatX FR unit in the same case. As was seen during the
StatX FR safe storage test, the activation of the first unit while enclosed in the case did not cause the
second unit to activate despite the high temperatures. When the case was opened, however, the foam
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ignited and burned, engulfing the second un-activated FR unit in flames. The second unit was engulfed in
flames for 90 seconds before activating itself, producing large jets of flame with gas temperatures
exceeding 1300°C. In a fire scenario, pyrotechnically generated aerosol units exposed to heat and/or flame
may auto-activate unexpectedly in the proximity of personnel, causing burns and injuries. Other scenarios
where auto-activation could be a concern are dud fuses, or fires in compartments with aerosol generators
stored or fitted. While auto-activation of the aerosol generator does supply fire suppression agent to a
compartment, it is still an uncontrolled and unexpected release of significant heat that can pose a hazard
to personnel and equipment that are in the vicinity.

The temperatures produced by these aerosol extinguishers are well above the ignition
temperatures of most Class A and Class B combustibles. While it is understood that fire suppression agent
is being generated throughout the period of high temperature, it should not be assumed that this
suppression agent is directed towards, or maintained in, the vicinity of any combustible material that may
be exposed to the heat. The amount and radius of heating of the hot gases expelled from the sides of the
case during accidental activation is also a danger to personnel not in protective clothing and breathing
apparatus.

9.5.1 Safe Storage Recommendations

e It is recommended that failure, reliability, and accidental discharge data be obtained from the
manufacturer or users of the aerosol units in order to qualitatively assess the probability of an
unplanned/uncontrolled activation of an aerosol unit within its storage case. This probability can
be combined with the measure of consequence to assess the overall risk, which can then either be
mitigated, accepted, or avoided;

e Because of the uncertainty of auto-activation of a second unit, it is recommended that no more
than one unit be stored in each separate case;

e If storing more than one unit in each case, SOP should dictate not to open the case unless an AT
is present and prepared to conduct an overhaul. Therefore, this situation should be treated as an
Emergency Stations;

e Units should be stored away from combustible material;

o The risk of auto-activation should be assumed for any aerosol unit exposed to heat and the units
should be cooled immediately by fully outfitted AT personnel;

o Further tests and studies should be conducted to determine effective procedures for preventing
auto-activation of aerosol units that have been exposed to heat;

e Storage racks should be designed assuming that, in the event of unplanned generation of aerosols
from any unit, most hot gas will be expelled from the side seals of the case;

e Use of alternate or fire retarded foams in the storage case should be investigated to ensure the
best product is chosen to deal with the heat that pyrotechnically generated aerosol units can
generate. It should not be assumed that a more robust, less flammable material will be better,
since other material may have beneficial impacts through better heat retention and insulation. It
may be best to have a material that melts easily, but all options should be considered and tests
should be performed to determine the optimal components in the storage case; and

e Further testing should be conducted on aerosol generation arising from auto-activated units to
determine the quality and distribution of suppression agent produced.
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9.6 Incendiary Potential of Pyrotechnically Generated Aerosol Devices

The incendiary potential testing conducted on both the StatX FR and the DSPA 5-4 aerosol extinguishers
provides a basic understanding of the potential consequences of a worst case scenario of misuse or
accidental discharge of a handheld aerosol unit in the presence of a secondary source fuel. Understanding
this consequence is important to the development of risk mitigation strategies, SOP, and training
programs that will promote safe use of the devices. When considering use in a naval application, there are
many compartments that are larger than the rated volumes for the StatX FR and the DSPA 5-4 handheld
units, and in a naval threat environment, there may be circumstances such as battle damage that prevent
the control of ventilation and/or confinement of compartments. From the suppression testing performed to
date, it is clear that pyrotechnically generated aerosol agents are effective fire suppressors and
extinguishers, but only if they are confined to the affected compartment and present in at least the design
concentration. It stands to reason then, that the incendiary potential of the StatX FR and the DSPA 5-4
can only be counteracted fully when the compartment is confined. The heat and sparks produced by both
units carry out to about 1 meter, as measured during the incendiary potential tests, and are well above the
ignition temperature of most Class A and Class B materials commonly found onboard naval vessels. In
fact, the temperatures measured for both units were at times above the annealing temperature for carbon
steel. This level of heat generation poses a significant risk to ammunition, fuel tanks/lines, casualties, and
AT personnel who would carry/hold the devices close to their bodies. The heat, flames and sparks emitted
from the StatX FR and the DSPA 5-4 during generation and distribution of the potassium carbonate
aerosol agent are sufficiently strong to cause burning or melting within a 1 meter radius of a device.
Furthermore, ignition of the fuels they heat can only be prevented if the aerosol agent being produced
remains near and, indeed surrounds, the affected area in a sufficient concentration to suppress any flames.

StatX FR units continue to produce a small flame for 1-3 minutes after activation. This is
essentially a piloted ignition source that continues after the aerosol suppression agent has been dispersed.

Mitigating the potential for a fire extinguisher to cause ignition is not a normal thought process
for personnel; however, it is very important that all personnel understand and appreciate the heat that
issues from handheld pyrotechnically generated aerosol units. When used correctly, at a safe distance
from ammunition, bulk fuel storage and transfer mains, and casualties, the aerosol agent can effectively
suppress a fire within a controlled volume. The scenarios that will require use of handheld aerosol
extinguishers will be unique, bridging a gap between a failed first response with portable extinguishers
and the arrival of a fully dressed AT with charged foam hoses. If their use is restricted to this unique
scenario, the risk of misuse will be greatly reduced.

9.6.1 Incendiary Potential Recommendations

e SOP and training programs should help personnel appreciate the production of heat from
pyrotechnically generated aerosol units and highlight the risks involved with improper use of the
devices;

e  Units such as the StatX FR and the DSPA 5-4 should only be used by trained professionals who
can assess the fire scenario and ventilation conditions, the local threats, and the
presence/proximity of casualties prior to activation;
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It is not recommended that handheld aerosol extinguishers replace the existing array of portable
extinguishers onboard naval vessels;

It is recommended that aerosol extinguishers be considered for use only in unique fire scenarios
where first response has failed, in which case they can be used to prevent, or at least stall, fire
growth until the AT arrives;

The authority to activate an aerosol extinguisher should be considered in a similar fashion to the
authority to activate bilge eductors in a flood scenario due to increased risk;

Further controlled testing should be conducted using common furnishings in large volumes (i.e.
double the rated volume or 40 m’) to determine the incendiary potential of the StatX FR and the
DSPA 5-4 in a less challenging scenario;

Further testing of the units alone should be conducted in a controlled environment to more
accurately assess the radius of heat produced in all three dimensions;

Further testing should be conducted to assess the impact of aerosol unit activation in close
proximity to a firefighter and a casualty.
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10 Closure

In this work, the suppression of various fires using pyrotechnically generated, condensed micron-particle
potassium carbonate aerosol technology has been explored and evaluated, mainly in the context of
handheld extinguishers. The primary objective was to scientifically evaluate the suppression efficacy of
the aerosol agent against simulated, fully-developed, full-scale, marine compartment fire scenarios
including: open diesel fires, obstructed diesel fires, obstructed bilge diesel fires, and Class A (solid
combustible - softwood) fires. Secondary objectives of the research were to evaluate the onboard storage
requirements of pyrotechnically generated aerosol units, evaluate the incendiary potential and radius of
heat produced from pyrotechnically generated aerosol units, to assess the aerosol agent generation,
distribution, suspended dwell time, re-ignition prevention, and residue deposition, and to assess aerosol
suppression agents as a potential Halon 1301 replacement.

The mechanism of aerosol fire suppression is primarily through the surface phenomena of heat
absorption and chemical chain reaction inhibition, which are both inversely proportional to particle size.
There is also a small effect of oxygen dilution by the addition of inert gases to the environment. The 18
full-scale live fire suppression tests along with several preliminary suppression tests conducted using
handheld aerosol extinguishers have proven that micron-sized potassium carbonate aerosols generated in
a medium of chiefly nitrogen and carbon dioxide inert gases are extremely effective fire suppressants
when contained in the fire environment at the design concentration. Conversely, the same tests have
proven how easily the light and buoyant aerosols can be dispersed by the turbulent, fire-generated flows,
to be carried out of a fire compartment with the hot combustion gases before having any significant
suppression effect. If a compartment is not confined, aerosols particles may never reside long enough to
absorb significant heat or to be entrained into the flaming reacting zones to chemically inhibit the fire.
Aerosol fire suppression, then, must be coupled with as near to complete confinement as possible. This
confinement will maintain the aerosol agent in the fire environment and it will starve the fire of oxygen,
working together to cause the fire to decay rapidly. The challenge in naval scenarios will be those
situations where confinement is not possible due to hull or bulkhead breaches caused by battle damage.
In those cases, handheld aerosol units may still be effective at fire knockdown if they are positioned such
that the aerosol particles are generated directly in the path of oxygen feeding the fire. This location may
not be coincident with the seat of the fire.

Ideally, aerosol fire suppressants, as with all fire suppression systems, will be employed as early
in the fire growth stage as possible in order to have the best extinction results and minimize fire damage.
This is not always possible, though, since as Babruskas has shown, most fires reach the fully developed
state on an average of 3.5 minutes after ignition regardless of fuel sources or types within a compartment
[56]. Therefore, when considering the utility and efficacy of a fire suppression agent, the worst case, or
fully developed, fire environment scenario needs to be considered. The drastic variability in the well-
ventilated, fully developed fire suppression results of this work would to tend to support Krasnyndky’s
theory (discussed in Section 3.4) that aerosols should only be used for suppressing fires early in their
growth stage for the majority of cases [24]. However, the results do provide guidance on how to achieve
higher rates of suppression efficacy in all stages of fire development. Additionally, based on the findings
of this research, acrosol suppression agents can significantly increase the cooling rates and cooling effects
over oxygen starvation alone when they are properly confined within a fire environment. Of course, in
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this case, the fire will decay rapidly just due to oxygen starvation alone but the added cooling effect of
acrosol agents gives a qualitative measure of their efficacy and ability to render a fire environment more
safe from re-ignition and rapid fire growth once oxygen is reintroduced during overhaul.

The case of Class A, solid combustible fires is one where significant lessons have been
confirmed. While aerosols do provide a fairly significant cooling effect, via heat absorption to the
particle mass, they do not penetrate the char layers to reach the deep embers that can persist even with
oxygen deprivation. They do not absorb the same amount of heat as fire suppressants such as water, nor
do they separate the fuel from the oxygen as with phosphate film forming agents (i.e. AFFF). When
combined with proper confinement, however, aerosols can suppress Class A fires and prevent fire growth.
They can also provide significant cooling over oxygen starvation alone. In most cases, though, overhaul
with water and/or foam will still be required ensuring that oxygen is reintroduced to the environment in a
safe manner.

The safe storage and incendiary potential tests, and respective quantitative assessments made in
this work have sought to understand the possible worst case consequences of pyrotechnically generated
handheld aerosol extinguishers onboard naval vessels. It is understood that the probability of the
scenarios occurring as tested is extremely low; however, it is not zero. The heat, flames, and gases
produced by the combustion of the solid tablet of both variants of aerosol extinguishers are too high to
ignore. It is given and understood that an effective fire suppression agent is being produced
simultaneously with the flames and hot gases but they still represent a significant thermal hazard that can
only be mitigated if said suppression agent is directed, maintained and confined to the same area as the
heat and flames themselves. Handheld pyrotechnically generated aerosols do not have as much of a
cooling medium to arrest flames and absorb heat as seen in some well-designed fitted aerosol systems.
Additionally, they are thrown into compartments and can come to rest within dangerous proximity to fuel
tanks and transfer mains, ammunition, Class A combustibles, and casualties. This is not to say that they
should not be used onboard naval vessels but rather, it is to ensure the thermal hazard is appreciated and
properly mitigated by rigorous training and sound SOP.

In addition to the thermal hazard that pyrotechnically generated aerosols present, their toxicity
and possible corrosivity are of concern when considering their use within a naval vessel as either a fitted
system or as small handheld extinguishers. Depending on the solid compound formulation,
pyrotechnically generated aerosols have been shown to produce several toxic gas species at levels
exceeding safe human exposure limits (discussed in Section 2.5.1). The toxic gases include but are not
limited to oxides of nitrogen, carbon monoxide, and hydrogen cyanide. Additionally, the long-term
physiological effects are unknown for micron potassium salt particles that can embed themselves deep
into the alveoli of human lungs. The gases and the respective quantities produced by aerosol
extinguishers may, by comparison, be almost negligible when one considers the toxic gases being
produced by a compartment fire of numerous cellulose-based, petroleum-based or synthetic fuels. The
issue is more pronounced for training scenarios and for accidental discharges in occupied spaces. To
understand this risk, the exact pyrotechnic composition should be obtained prior to procurement and all
SOP should include BA when handling aerosol extinguishers. Both the toxicity and corrosivity should
be further investigated to more fully understand the risks to humans and to equipment.
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Fires, or uncontrolled combustion, are complex physical and chemical phenomena for which there
are no one-size-fits all suppression solutions. Pyrotechnically generated micron potassium carbonate
aerosols have been proven in this work and in others to be effective fire suppression agents when utilised
in conjunction with strict ventilation control. As with any suppression agent or system, there are trade-
offs that need to be understood in order to maximise the fire protection they can provide and to minimize
any negative effects to humans and critical equipment.

165



References

[1]
[2]

[3]

[8]

[9]

Det Norske Veritas, "Engine Room Fires Can Be Avoided," DNV, Veritasveien, Norway, 2000.

A. Kim, "Overview of Recent Progress in Fire Suppression Technology," National Research Council
Canada, Ottawa, 2002.

US Environmental Protection Agency, "Substitutes for Halon 1301 as a Total Flooding Agent,"
[Online]. Available: www.epa.gov/ozone/snap/fire/lists/flood.html. [Accessed 22 01 2013].

J. Talent, "Navy Actions Needed to Optimize Ship Crew Size and Reduce Total Ownership Costs:
GAO-03-520," United States General Accounting Office , 2003.

T. Street and F. Williams, "Future Naval Concepts - Crew Reductions Through Improved Damage
Control Communications: NRL/MR/6180-07-9040," Naval Research Laboratory, Washington, 2007.

L. DiDonato, J. B. Famme and A. Nordholm, "A Total Ship-Crew Model to Achieve Human
Systems Integration," Interservice/Industry Training, Simulation, and Education Conference
(/ITSEC), 2004.

Transportation Safety Board of Canada, "2011 Statistical Summary - Marine Occurrences," TSB,
Gatineau, Quebec, 2011.

M. Connell and a. D. J. Glocking, "Large-Scale Tests of Pyrotechnically Generated Aerosol Fire
Extinguishing Systems for the Protection of Machinery Spaces and Gas Turbine Enclosures in Royal
Navy Waships," Ministry of Defence, Abbey Wood, Bristol, 2004.

Darchem Flare, "Test Plan for Evaluation of Ansul Micro-K Pyrotechnic Aerosol Extinguishing
Agent for a GT Enclosure,”" Darchem Flare, Stillington, England, 2004.

[10] AFG Flame Guard Ltd, "Dry Sprinkler Powder Aerosol, Type 5: Technical White Paper," AFG

Flame Guard Ltd, 2005.

[11] Canadian Forces Fire Marshal, "DSPA-5 Knockdown Tool Test Report," Office of the Canadian

Forces Fire Marshal, Ottawa, 2006.

[12] C. d. Ron, "Royal Netherlands Navy: Tests DSPA 5," Netherlands Ministry of Defence, Den Helder,

2010.

[13] International Maritime Organization, "IMO FP44 MSC Circ. 1007: Guidlines for the Approval of

Fixed Aerosol Fire Extinguishing Systems as Referred to in SOLAS/FSS Code for Machinery
Spaces," IMO, UK, 2008.

166



[14] C. Kilbert and D. Dierdorf, "Encapsulated Micron Aerosol Agents (EMAA)," University of Florida.

[15] D. Spring and D. Ball, "Alkali Metal Salt Aerosols as Fire Extinguishants," Fire and Safety
International, pp. 413-419, 1995.

[16] J. Flemming, B. Williams and R. Sheinson, "Suppression Effectiveness of Aerosols: The Effect of
Size and Flame Type," Naval Research Laboratory, Washington, DC, 2002.

[17] StatX, "How the StatX First Responder Works," Fireway Inc, [Online]. Available:
www.statx.com/first responder.asp. [Accessed 12 11 2012].

[18] Fireway Inc., "How StatX Works," Fireway, 2009-2012. [Online]. Available:
http://www .statx.com/How_StatX Works.asp. [Accessed 23 05 2012].

[19] Fireway LLC, "StatX Aerosol Generator Technical White Paper," Fireway LLC, [Online]. Available:
http://www .statx.com/pdf/860StatX WhiteP_Cor.pdf. [Accessed 22 02 2013].

[20] E. Smith and E. Kimmel, "Toxilogical Evaluation of Exposure to Two Formulations of a
Pyrotechnically-Generated Aerosol: Range Finding and Multiple Dose," NIST, Washington, 1996.

[21] G. Lenova and L. Usankova, "Corrosive Effect of Gas Aerosol Fire Extinguishing Compunds on
Structural Materials in Aviation Technology - Final Report," Scientific Research Institute for
Aviation Materials, Moscow, 1991.

[22] E. Jacobson, "Enhancement of Fire Survivability by Employing Pyrotechnically Generated of
Propelled Agents," NIST, Washington, 2005.

[23] P. Coxon, "Fire Test Report for Marine Fire Safety," FirePro, 2005.

[24] M. Kransyansky, "Remote Extinguishing of Large Fires With Poweder Aerosols," Fire and
Materials, no. 30, pp. 371-382, 2006.

[25] V. Agafonov, S. Kopylov, A. Sychev, V. Ugolv and D. Zhyganov, "The Mechanism of Fire
Suppression by Condensed Aerosols," in Halon Options Technical Working Conference,
Albuquerque, 2005.

[26] A. Chattaway, R. Dunster, R. Gall and D. Spring, "The Evaluation of Non-Pyrotechnically
Generated Aerosols as Fire Suppressants," Kidde International, Colnbrook, UK, 1995.

[27] Wikipedia, "Fire Triangle," Wikipedia, 13 02 2013. [Online]. Available:
http://en.wikipedia.org/wiki/Fire triangle. [Accessed 17 02 2013].

[28] V. Agafonov, N. Kopylov and S. Kopylov, "The Effectiveness of Condensed Aerosols for Fire

Suppression in Electrical Equipment,” All Russian Scientific Research Institute for Fire Protection,
Moscow, 2006.

167



[29] J. Flemming and R. Sheinson, "A Next Generation Fire Suppression Technology Program Summary
on the Properties of Aerosols," Naval Research Laboratory; Navy Technology Centre for Safety and
Survivability, Washington, 2008.

[30] H. Lamb, Hydrodynamics, London: Cambridge University Press, 1994, p. 599.

[31] C. Tao and A. Kalelkar, "Effect of Drop Size on Sprinkler Performance," Fire Technology, vol. 6,
pp- 254-268, 1970.

[32] X. Zhou and H. Yu, "Experimental Investigation of Spray Formation as Affected by Sprinkler
Geometry," Fire Safety Journal, vol. 46, pp. 140-150, 2011.

[33] G. Back, P. DiNenno, J. Leonard and R. Darwing, "Full Scall Tests of Water Mist Fire Suppression
Systems for Navy Shipboard Machinery Spaces: Part II - Obstructed Spaces," Naval Research
Laboratory, Washington, DC, 1996.

[34] Z. Jiu and A. Kim, "A Review of Water Mist Fire Suppression Technology: Part II - Applications
Studies," Journal of Fire Protection Engineering, vol. 11, pp. 16-42, 2001.

[35]J. H. Jr, "U.S. EXPERIENCE WITH NON-WATER-BASED," National Fire Protection Association,
Quincy, MA, 2012.

[36] N. Kopylov, B. P. V.S. Ilitchkine and I. Novikov, "Toxic Hazard Assciated with Fire Extinguishing
Aerosols: The Current State of the Art and a Method for Assessment," in Halon Options Technical
Working Conference, Albuquerque, 2001.

[37] International Program on Chemical Safety, "Potassium Carbonate Material Safety Data Sheet - ICSC
1588," IPCS, 21 04 2005. [Online]. Available:
http://www.inchem.org/documents/icsc/icsc/eics1588.htm. [Accessed 15 03 2013].

[38] F. G. Favorite, L. M. Roslinski and R. C. Wands, "Guides for Short Term Exposures of the Public to
Air Pollutants," AMRL-TR-71-120 Paper No.16, Aerospace Medical Research Laboratory, Wright
Patterson Air Force Base, Ohio, 1971.

[39] World Health Organization, "Nitrogen Dioxide," World Health Organization, Copenhagen,
Denmark, 2000.

[40] Agency for Toxic Substances and Disease Registry, "Medical Management Guidelines for Nitrogen
Oxides," Atlanta, GA. [Online]. Available:
http://www.atsdr.cdc.gov/MMG/MMG.asp?id=394&tid=69. [Accessed 07 January 2012].

[41] USA Environmental Protection Agency, "Nitrogen Dioxide (NO2) Standards-Table of Historical

NO2 NAAQS," Washington, DC. [Online]. Available:
http://www.epa.gov/ttn/naaqgs/standards/mox/s_nox_history.html. [Accessed 07 January 2012].

168



[42] National Research Council, "Emergency and Continuous Exposure Guidance Levels for Selected
Airborne Contaminants," NRC, Washington, DC, 1987.

[43] National Institute for Occupational Safety and Health, "Recommendations for occupational safety
and health: Compendium of policy documents and statements," U.S. Department of Health and
Human Services, Public Health Service, Centers for Disease Control, National Institute for
Occupational Safety and Health, Cincinnati, OH, 1992.

[44] World Health Organization, "Hydrogen Cyanide and Cyanides: Human Health Aspects. Concise
International Chemical Assessment Document 61," WHO, 2004.

[45] Fireway Inc, "Equipement Exposure Issues for StatX Aerosol Generators," Fireway Inc, [Online].
Available: http://www.statx.com/Whitepaper Equipment Exposure.asp. [Accessed 08 03 2013].

[46] B. Craig and D. Anderson, "Potassium Carbonate," in Handbook of Corrosion Data: 2nd Edition,
Ohio, ASM International, 2002, pp. 639-641.

[47] International Maritime Organization, International Convention for the Safety of Life at Sea, IMO,
2004.

[48] DSPA, Aerosol Fire Extiguishing and Suppression Systems Effective and Innovative, Nijmegen,
Netherlands: DSPA Product Listings, 2006.

[49] Fireway LLC, StatX First Responder Specifications, Minnetonka: Fireway LLC, 2013.

[50] Hughes Associates Inc, "DSPA Aerosol Generator ULC Witness Tests," Hughes Associates Inc,
Baltimore, 2008.

[51] B. J. Kosanke, B. Sturman, K. Kosanke, 1. v. Maltitz, T. Shimizu, M. A. Wilson, N. Kubota, C.
Jennings-White and D. Chapman, "Pyrotechnic Chemistry," Journal of Pyrotechnics, pp. 5-6, 2004.

[52] B. Karlsson and J. Quintiere, Enclosure Fire Dynamics, CRC Press: Florida, 2000.
[53] T. Waterman, "Room Flashover - Criteria and Synthesis," Fire Technology, vol. 4, pp. 25-31, 1968.
[54] D. Drysdale, "An Introduction to Fire Dynamics," UK, Wiley, 2007, p. Chap 3.

[55] F. Liant, W. Chow and S. Lui, "Preliminary Studies on Flashover Mechanism in Compartment
Fires," Journal of Fire Sciences, vol. 20, pp. 87-112, 2002.

[56] V. Babrauskas, "Defining Flashover for Fire Hazard Calculations: Part I1," Fire Safety Journal, no.
38, pp. 613-622, 2003.

[57] International Organization for Standardization, "ISO 9705: Fire Tests - Full Scale Room Test for
Surface Products," ISO, Genva, 1993.

169



[58] A. Lock, M. Bundy, E. Johnsson, K. Opert, A. Hamins, C. Hwang and K. Lee, "Chemical Species
and Temperature Mapping in Full Scale Underventilated Compartment Fires," National Institute of
Standards and Technology, Gaithersburg, MD, 2010.

[59] M. Obach, "Effects of Initial Fire Attack Suppression Tactics on the Firefighter and Compartment
Environment," University of Waterloo, Waterloo, 2011.

[60] R. Peacock, W. Jones, P. Reneke and G. Forney, CFAST - Consolidated Model of Fire Growth and
Smoke Transport (Version 6) User Guide, Washington: NIST Special Publications, 2008.

[61] M. Janssens and W. Parker, "Chapter 3: Oxygen Consumption Calorimetry," in Heat Release in
Fires, New York, Elsevier, 1992.

[62] Society of Fire Protection Engineers, Handbook of Fire Protection Engineering, Quincy,
Massachuetts: National Fire Protection Association, 2008.

[63] V. Babrauskas, "Estimating Large Pool Fire Burning Rates," Fire Technology, no. 19, pp. 251-261,
1983.

[64] International Standards Organization, ISO 14520-1: Gaseous fire-extinguishing systems. Part 1:
General requirements, 2000.

[65] T. Hakkarainen, "Post-flashover Fires in Light and Heavy Timber Construction Compartments,"
Journal of Fire Sciences, vol. 20, pp. 133-175, 2002.

[66] Omega, [Online]. Available: www.omega.com/temperature/z/pdf/z051.pdf. [Accessed 25 10 2012].

[67] G. Hitchman, E. Weckman and A. Strong, "THERMAL STRATIFICATION AND SUPPRESSION
EFFECTIVENESS II," University of Waterloo, Waterloo, 2009.

[68] Novatech, Novatech Gas Analysis Manual, Waterloo.

[69] R. Friedman, "An International Survey of Computer Models for Fire and Smoke," Journal ofFire
Protection Engineering, vol. 4, no. 3, pp. 81-92, 1992.

[70] D. C. Jr, Fundamentals of Materials Science and Engineering, NY: Wiley & Sons, 2008.

[71] D. Richardson and K. Shreeves, "The PADI Enriched Air Diver Course and DSAT Oxygen Esposure
Limits," South Pacific Uncerwater Medicine Society Journal, vol. 26, no. 3, 1996.

[72] National Oceanic & Atmospheric Administration, "Carbon Tracker - CT2011," Earth System
Research Laboratory Global Monitoring Division, [Online]. Available:
http://www.esrl.noaa.gov/gmd/ccgg/carbontracker/index.html. [Accessed 05 12 2012].

[73] H. Glatte, M. G.J. and W. B.E., "Carbon Dioxide Tolerance Studies," Texas School of Aerospace

170



Medicine, Brooks Airforce Base Texas, 1967.
[74] ASTM, ASTM E535 - Section 5, 2012.

[75] V. Babruskas, R. Peacock and P. Reneke, "Defining Flashover for Fire Hazard Calculations: Part II,"
Fire Safety Journal, vol. 38, pp. 613-622, 2003.

171



Appendix A: DSPA-5 Material Safety Data Sheet

D5PA ni BY, The Netheriands
{ mini

Material Scfsty Data Shest Vemion: 5.0
DEPA-5 inmenmnton gonsator Aevigion dete 2770372012

1. Identification of the substance | preparation and the comparmy

Profuct nome ond code: DOSPA-5 Imsreantion (Gensmator

Materal uoea: Cen be umad by fire dsparments ce fimt reapondsr o
suppreas fimas (A B, C and F Cless fme) in cloes
rooma in @l knd of Duldings snd Tereport eector
{ traire, tnocks, cars, hips ).

Identification compeny: DEPANI BUV.
Hulzengewag 1020
6534 AM Njmspsn-ML
PO, Box 6572
6503 G5 Mijnegen-HL
The Masibadante
Tek £31(0324 35 22 573
Fa =31(0)24 37 &F 583
Mail: jefoBdsoe.nl
Wabsits © waww Ggpe.nl
Ememancy talephone no. Tek: +31 {0)30-27L8588, only for the Oocior.

Megonel Pomono Information Cense Litrecht. The MNether-
lamiic

Z Hazards identification

The prepamtion i@ not clasefed ccoorfing to Diechve 1399/745/EC or Direcive
E7/5LE/EEC anl = amendments.

Remark: Contert of the DSPA Genersior corsist of solll Dblocks
thet ere not freble end am conteined in & ngld stoel
cemng. Duwing nommel tansport, ciomege ond hending,
the contsnts cannot come into contact with @ combustiDls
gtz

F DSPA Generator i activabsl sxposuns b0 esmoeol  cup-

presgion @jent moy ocauoe emporary, mid imtezon of
mucoun membrane i nheled.

Whan usng and handling in accordences with the ragula-
tona the undamaged fire entinguishar Ooes not pressnt
any heshh dangers.

D5PA-5 Intervention Generator Conform ECL07 /2006 Page 10F7
i A .n-F[.H

172

Y

GROUE




D5P&N| BY, The Netherlands

{nﬂ

| 3 Composition | Information on ingredients |
Hazardous mgrelients
Ingrediont % weight CASE =k Clesaifization
Potasam reteis =50 FisF-7a-1 231-818-8 | O: RS
Phanol formeltehys, 5-15 NAA NSA ¥r, A3ER3T
Nowolac resin
4. First aid measures
Ganaml: Seek medical advics n caee of symptoma which o

obviowsly due o inhalation of combDustion gesces.
inhalation: Femove i frech air. K not Dreathing. i Breathing is

imsguler or ¥ resprotory amest ocoum provits  artficicl
reapiretion o aiygen Dy taned permormel. Give nothing
by mowth. ¥ unconecious, place in mcowery poaition erd
sesk madical advics

Ingaation: H wwalosed, woah out mouth with plenty of water. Do
not inducs vomiting. Kesp at rest ord soek medical od-
vics.

Eye comac: Famove possible contect fenses. Contemmnebon of the

eysn muat D treawsd Dy thorough imigetion with water
far 15 minutes, with the eyslids held opsn. Do not mib
or soretch eyes. A Odocor (or oye specialist] chouwid be
conauitsd immedstshy.

Sk comect: Finge with plenty of water for ot besaot 13 minuies. Ra-
move any coenleminatsd clothing or contoct jenses.

[ 5 Fire fighting measures

Extinguishing mada MOME — THIS 15 AN EXTINGUISHING AGENT
The DSPA-5 Generator can De wged by Sm depariments
@ fimt regpondsr o suppres fires, woier must Do ueed
=s en sdftonal suppression agent.

Specal hozarils according sulutance o prepercion foelf, combuston profucs

or resulting gese:
Combuston protiscts mey inchids: corbon monoodds. cer-
bon dicwide, seroscl anl smoke.

Prolaction of firm—fightars:  Firemen have to weer celff-contsined bDrecthing apparatm
and compists poisctive dothing.

DSPA-S Inservention Generator Conform EC1007/ 2006 Page 2 0f7 |F.
- ARG G EOUR

173



DSPA nl BY, The Netherands

a. Accidenizl refease measures

Personal precautong:

Clsan up methode:

Elimingts ol sourcsa of heat end ignition. People Oealing
with major spilages should wear pemonel prowsciive
clofing (suitshle goves snd Siter mesk FFP-2 i Oust
in fomrned ).

Do not diechargs into Oreire or ocowers. If  gignificamt
guantiiss @ bDsing miscosed in the sméeonment. irdom
the authonbes accorling io the local nubea.

Impeoper  Siecharge coull rmsult 0 the depostt of omal,
localzed wreas of highly concersnatel aggiomenasd par—
toulate on thet surisce. K left umisndsd, an agglomarsbad
megs may toks on molmbre ond ey coues  non-
progreesve aurfece discoloration of unprotecied metsl sur—
faces. Amy agglomomied particulots muat Do cleonsd up
with @ wobsr/alcohol soltion no laer then I4 hours fol-
lowing & Oischerge. Colact splled material Dy hend, =.g.
with & Custpan end Jduster or @ wacuom desarer. Collac
the weols product in sutable drurs for Omposal. Wash
the spflege oma clsen with plenty of watsr.

[7- Handling and storage

Speciic uss\a):

When hendiing olesrve the ususl precowtionary meaourss
for chemicalk. Avoil contact with hesl sperks. flames
and other igntion sourcss. Do not ues squipment pro-
fucing an open flams or slecincal squipment whech may
cauge oparks. Pmwent Cust formetion end inhaliation of
dugt. H mi=res cemsol @ mlsaeed from o dry sprinsler
powler gyulem. reapiraiory proteciion i@ requinsd.

Stors in eccorfance with locel reguisSone. Siore im onpi-
ral DSPA peckogng of room fempereturs. Preveant prod-
wet tempenatures above 73 'C end Defow -50 "C. Kesp
wway fom hest sources. Profuct & hydroocopic; preent

Ex@ngushing matesicl in case of & fim. Onfy wme in
combination with the igniticn Oevics of DSPA,

DSPA-5 Intersention Generator

Confoom EC1907 /2006 Page 3 of 7

want ARG GROUP

174



D5PA nl BV, The Nethertands

i-h

| B Exposure confrols - Personal protection |

Limite of sspoours: No ooccupational swpocure Gmits are Oeterminsd for the
preperebion  andfor for the componenmin. Afler ecteaatng
the DSPA, sg denge asroceod or dust iz fomed.

Genoml protecive and

hygienic measursa: The usual precoustionary messurss orr b0 Do athersd o
whon handing chemicala.

Aespinatory probscion Fequirsd & inadequetaly ventlatsd workplacss. &g reapir-
abls dust in case of application of the mewnel & ewtn-
guishing matenal, u=e respretory protsction [FFP-2
meck ENI4S: 2001 ).

Skin end baly: Wear wuitchis pmasctive clothing | preferchis hecwy cotton

9 or Jispocabls covercll ) ond eys / foce protection.

Hianlka: ‘Wosh hanlc Defors Dreciz and ot the enl of work. Pro-

@ toctive gioves of meoprere o Dubd nibler chowld De  wom
whan handiing with ths pmduz. Los hest-rssictont glovss for
hending sa stnguishing matsnicl in cess of a fm.

Eyea: Une achsty syewsar (Sght fiting goggles ) or a ful-face
shisld. Eye — wash.

[3  Physical and chemical properties
Genamal information:

AppSErEncs: Solid. presgad compoand in ngid msel cacing.
DOdour: Hions

importert heakh, sefsty end smdimnmented nformation.

pH: MR

Boiling point: N

Flash paint MSA

Explogive propartiea: NAA

‘Wapour preagure: Not evailabis.

Asfative density- 1.9 (waler = 1),

Solubiity in wetsr: ot very acluble | «1% )

Buto eclivedton tempeargums: > Z70°C

0. Stability and reactivity |

Staliity Mot oelf-reacivs  oubctonce. . Siobls unber recommendsd
gtomge and haniling conditong.
Conlftiona 1o @voill HAvoid high tsmpercturss. hesting. open fre and ignition

sourcas, ond prevent the offeco of o ginding moBon
and impact forces that mey result i ignition.

Meisralks o avoid: Upon demenfing an inlec genemtor, the conlents ched
De tegisd oo an oxdzing maetsnal.

DEPA-5 Intervention Generator Canform EC1907 /2006 Page dof 7 |r_j-
wnn ARG cRDUP

175



D5P&.n| BY, The Netheriands

{mn
11.  Toxicobogical information |
At towicity from the  components:
Produz information: Polesgivmn nitrets, CASE 7757-79-1.
LO5O {oml. rati: 3.045 mg g
Profucd  infomabon: Phenol formaldehypds, Movoles resin CASE NAA,
LD5D (ol rat): = 2000 mgikg-
LOSO {dermal, mabbit ) - > 2.000 mgilkgo
Further information: When weing and handling in accordence with the reguia-

Gons tha unfdamaged gensrotor Joss notl precent  any
heslth Oangers. Afer sctiveting the penewstor, ofightfy imi-
taicre t ekin dus o inoeass of the pH volus end
glightty Wmitation of mopictory de 0 @n increcee  of
smoke{ @snseol )

|12 Ecological information

Eocfogicel hazards ere not pressnt &t untamaged gensrator.
Ecotoxicity from the componeniz.

Product informetion: Poteesism ritrats, CAS# 7757-79-1
LC50: 22,5 mgs/l {26 hre, gembusia ofnie
EC50- 226 mp {72 he. dephria magre. cnetccea
Product informstion: Phenol formallishyde, Novolac resin CASE NAA

Mo scological data on thio comporents ars known.

Pamimtencs / dagmdcobidfity: From the components poor Dislogicelly Segrotabis.
WGEK: 1 | ‘Wageemedihriungeklaoee or  wetsr pofufion  cloga,
Garmen Watsr Fasowses Act., Emisd wetsr pollutant )

Other information
Ozone Depletion Potenticl | ODP ) = ©
Globel Waming Potenticl { GWE)} = O

[ 13 Disposal conditions

Within the precant knowledge of the supplier. this profuct in not ragardsd ao hazand-
ous wesbs, @ defirsd by Directie 91/7685/EC. Comply with all local, sate erd
fedsral intemational  regquistiong.

DSPAS Intervertion Generator Canform EC1907,2006 Pagesoi7 [N
TR npﬁrlr“ LI
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[ 14 Transport information |

Classification ss ADR/RID matenal for moal trenoport

UM rrsmber: ELE:

Propar shipping nemes: Flemmails Sobd. Incrganic. no.s
ADAYRID clase: L1

ADR Labed: 3

Peckeging group: 1]

Hazard 1D: 0

Hemark: Method of packaging POO2
Clessificetion ss MDS material for sea transport.

UM pramber: 3178

Froper shipping name: Flemmabls Sobid, Inorganic. n.o.s.
IMDG Claon: L1

Marine. Pollutant: Mo

EmS: F-45-G

Classificetion e ICAD/ATA materal for e rensport

UM rrsmbar: 317B

Proper shipping name: Flammabls Sobd, Inorganic, no.z.
ICADAIATA Clesa: 41

Fessenger

Pocking ingiruction: 415
Moimum quantits 15 kg

Carga
Pocking ingtruction: 417
Moximum quantitz 50 kg

Tumhar information: Divigion 4.1 arfclss prosnt no signiScant hecord as

propery packaged for rensporl
[ 15.  Reguistory information |

EU Cirsctive: This preperation & not clesoifisd == dengerous eccording
Dirsctive 19959/45/EC or Diecve E7/348/EC and i

amsndmarts

EU labelling cassficefon:  Mons

R — (k) phroses: Hone

Sofaty phreesa F15- Keap away from heat
S35: Ths metsiad and %= container must Ds Ompossd of
in @ safe way

DSPA-S Intervention Generator Conform EC1907 /2006 Page 60f7

MR AR = ECUP
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16.  Other information |

List of mlsvant - snd S-phreses refored o undsr heedings 2 and 3:
R& - Conpct with comDustible metsnad moy cause fire.
R3E: Iritsding to syes
R37: lmitaSng to recpinaiory oystsm

Himtony: Dair of previcus isus 13 Buguet 2010
‘ergian 40

The O=ta given here is Doced on cument knowdsdge and esponence. The pupose of
thiv Gofety Deta Shest i@ to descibs the prodecl in teems of  their  cafsty
mequirsmeants. The Osis Josa not signfy eny wemanty wih regard fto the prolucts
properties. In all ceses, @ = the resporsiDiity of the wuser o Osiemmine  tha
appicaliity of such informeion end mecommendations ond the cukablty of any
profiucts for s own periculer purpocs.

D5PA-S Intervention Generator Conform EC1907 /2006 Page Tof 7
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Appendix B: StatX First Responder Material Safety Data Sheet

SL'E@( 3 AFreaway LLC

11503 K-Tel Drive
MATERIAL SAFETY DATA SHEET Minnetonka, MN 55343

MSDS® 003
DATE: 10,06

For information only, call 1-952-935-9745, For emergencies, call CHEMTREC:
DOMESTIC NORTH AMERICA BOO-424-9300 INTERNATIONAL 703-527-38B87 [COLLECT).

1. PRODUCT

Stat-X - First Responder®.
2. COMPOSITION/INFORMATION ON INGREDIENTS

Components — Chemical

{Hazardous Components = CAS®E COMMENTS:

1%}
Potassium Nitrate F757-79-1 | Components are blended and pressed inte a
DDA 461-58-5 | highly stabke; molded form. Maokded compaosition is

contained within a sealed double-walled stainiess
steel housing - no environmental exposure.

Organic Resin D003 -35-4
Appearance & Odor: Eeige v white in color. No odor,
Auto-Ignition Temperature! J00°C
Solubility in Waber: Slightly Sofuble

3. HAZARD IDENTIFICATION

Fossible exposure to seresol suppression agent f generator is activated. May cause temporary, mild
Irritation of mucous membrane if inhalad.

4. FIRST ATD MEASURES

H Procedure:
Inhatation Remiowve ba fresh air
Eye Contact Flush with water
Skin Contact Wash with soap and waler.
Ingestion Mot a likely route of exposirs.
Seek medical atention for further treatment, observation, and support if Necessary.

5. FIRE FIGHTING MEASURES

In the event of a fire, evacuate the area and inform emergency services. Ignition of Stec-X produces
2 fire-suppression aerosol, Water may be used as an additional suppression agent.

6. ACCIDENTAL RELEASE MEASURES

If these devices are spilled they can be safely recovered by hand and should be inspected for damage
prioT 1o repacking. Suspect or damaged articles should be labeled and consigned for correct
destruction.

7. HANDLING AND STORAGE

Store in temperabe conditions. Avoid shock, slectric currents, static discharge, exoessive healt and
extended perinds of storage at temperatures greater than 65°C.

AFFneChvCTy LLC- AMEDS Paze 1 of 2
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B. EXPOSURE CONTROL/PERSONAL PROTECTION

Respiratary Protection Ventilate area compietely after discharge. Do not enter area pricr o
complete venting of endosure. Use filker mask as necessary during
Clean-up.
Hand Pratectien Wear gioves f handling generators prior to cooling.
Eve Pratection Safety glasses are advisable.
Skin Pretection N/ A
8. PHYSICAL AND CHEMICAL PREOPERTIES
| Appearance: [ Stesl Cylinder up to 175 onm in kenath |

10. STABILITY AND REACTIVITY

These devices are extremely stable below 1250 They shouwld be protected from fire, sources of
electrical power, shock, and high temperatures.

11. TOXOCOLOGICAL INFORMATION

Toodc by-products of combustion are extremely low. Main by-products are listed below with 15-minute
TWiA values for a maximum 1009/m” concentration in & hermetically seaked wolume.

Gas 15 minute Time W'Eig?ltEI! J\M'VEI'BQE in EEF[S- [ 152 miillicn
MO, 1.08
NO 0.97
co 84.20

12, ECOLOGICAL INFORMATION

These devices are seated and present no ecological hazards, The aerosol produced upoen lgnition has
no global warming potential and an ozone depletion potential = 0.

13. DISPOSAL CONSTDERATIONS

Comply with all iecal, state, and Ffederalf international regulations.

14. TRANSPORT INFORMATION

UN Number: 0431 Ehipging Limitations:

UN Classification: 1.4G Articles, Cargo Alr Max single packaging - 75 kgs.
Pyratechnic for Technical Purposes

Packaging Growp: IT Passenger Al | Nones,

515 Kesp away from heat

535 This material and its container must be disposed af in a safe way
538 In case of insufficient ventilation wear suitable respiratory equigment
539 Wear eyellace protection

16. OTHER INFORMATION

Comply with manulacturer's installation and maintenance procedures,
Disclaimer:

The inferrmation contained herein is accurate to the best knowledge and Defief of Fireaway LLC, and is
Intended bo describe the pepduct for health, safety, and environmental requirements only. IL is not
intended and should not be construed as a warranty, Consult Fireaway LLC for further infoermation.

A Frectay LLC MSDS Page 2 of 2
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Appendix C: UW Shipping Container Thermocouple Locations and Data
File Names

The UW Shipping container burn room has 80 Type K thermocouples measuring gas temperatures across
six vertical and four horizontal uni-strut rakes as shown in Figures C-1 and C-2 and described in Section
3.8. Each thermocouple has a geographical position within the burn room and also has a data file
designator for the data acquisition system to differentiate between. The designators become headings in
the comma separated data file exported to MS Excel. This appendix outlines the thermocouple locations
within the UW burn room and the respective data file headings given to each.

Table C-1 Shows the thermocouple locations and data file heading for the vertical rakes, while Tables C-2
and C-3 represent the same for the horizontal rakes.

Figure C-1. 3D Computer Aided Rendering of the UW Shipping Container Burn Room
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Figure C-2. 3D Rendering of the Vertical and Horizontal Thermocouple Rakes Within the UW Shipping

Container

Table C-1. Thermocouple Locations on Six Vertical Rakes Located in the Fire Compartment with the
Corresponding Column Headings Used in the Excel Files.

Dist. From Heading Used in Excel File
Rake 1 Rake 2 Rake 3 Rake 4 Rake 5 Rake 6
Floor (m)
0.00 V1 000 V2 000 V3000 V4000 V5000 V6 000
0.50 V1050 V2050 V3050 V4 050 V5050 V6 050
0.80 V1080 V2 080 V3080 V4 080 V5080 V6 080
1.10 V1110 V2110 V3110 V4110 V5110 V6110
1.40 V1 140 V2 140 V3140 V4 140 V5 140 V6 140
1.70 V1180 V2180 V3180 V4 180 V5180 V6 180
2.00 V1200 V2200 V3200 V4200 V5200 V6200
2.30 V1230 V2230 V3230 V4230 V5230 V6230

e Vertical Rake 1: -0.9 m from fire compartment centreline and 0.4 m from bulkhead;
e Vertical Rake 2:
e Vertical Rake 3:
e Vertical Rake 4:
e Vertical Rake 5:

182

+0.9 m from fire compartment centreline and 0.4 m from bulkhead;
-0.9 m from fire compartment centreline and 2.95 m from bulkhead;
+0.9 m from fire compartment centreline and 2.95 m from bulkhead;
-0.9 m from fire compartment centreline and 1.8 m from bulkhead; and




e Vertical Rake 6: +0.9 m from fire compartment centreline and 1.8 m from bulkhead.

Table C-2: Thermocouple Locations on Three Horizontal Rakes Located in the Fire Compartment with
the Corresponding Column Headings Used in the Excel Files.

Dist. From Heading Used in Excel File
Rake 1 Rake 2 Rake 3
Centre (m)
-1.05 H1 -105 H2 -105 H3 -105
-0.75 H1 -075 H2 -075 H3 -075
-0.45 H1 -045 H2 -045 H3 -045
-0.15 H1 -015 H2 -015 H3 -015
0.15 H1 015 H2 015 H3 015
0.45 HI1 045 H2 045 H3 045
0.75 H1 075 H2 075 H3 075
1.05 HI1 105 H2 105 H3 105

e Horizontal Rake 1: E/W above fire, 2.15 m above the floor and 0.4 m from bulkhead;

e Horizontal Rake 2: E/W at compartment entrance, 2.15 m above the floor and 2.95 m from
bulkhead; and

o Horizontal Rake 3: E/W at compartment entrance, 2.15 m above the floor and 1.8 m from
bulkhead.

Table C-3. Thermocouple Locations on Longitudinal Horizontal Rake Located in the Fire Compartment
with the Corresponding Headings Used in the Excel Files.

Dist. From Heading Used in Excel File
Rake 4
Bulkhead (m)

0.2 H4 020

0.6 H4 060

0.9 H4 090

1.2 H4 120

1.5 H4 150

2.2 H4 220
2.55 H4 255
32 H4 320

e Horizontal Rake 4: N/S Longitudinal from compartment entrance to bulkhead, 2.15 m above the
floor at the centreline
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Appendix D: Purpose Built Safe Storage and Incendiary Potential
Test Rig Thermocouple Locations and Data File Names

The UW test rig for conducting safe storage and incendiary potential test of handheld aerosol
extinguishers has 16 Type K thermocouples measuring gas temperatures across two horizontal uni-strut
rakes as shown in Figures D-1 and described in Section 7.2. It also has two data channels for
thermocouples installed inside the storage containers (CaseN and CaseS) and two data channels for
thermocouples measuring gas temperatures at the sides of each storage case (SealN and SealS). Each
thermocouple has a geographical position and a data file designator for the data acquisition system to
differentiate between. The designators become headings in the comma separated data file exported to MS
Excel. This appendix outlines the thermocouple locations on the test rig and the respective data file
headings given to each, which are listed in Table D-1.

Figure D-1. Safe Storage and Incendiary Potential Test Rig
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Table D-1 Safe Storage and Incendiary Potential Test Rig TC Locations and Headings

Dist. From Heading Used in Excel File
Rake 1 EW Rake 2 NS

Centre (m)
0.787 EW+31 NS+31
0.635 EW+25 NS+25
0.381 EW+15 NS+15
0.127 EW+5 NS+5
-0.127 EW-5 NS-5
-0.381 EW-15 NS-15
-0.635 EW-25 NS-25
-0.787 EW-31 NS-31
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