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Abstract

The Royal Canadian Navy (RCN) is currently in the process of recapitalizing the fleet
under the National Shipbuilding Strategy (NSS). This will result in a modern fleet that
includes new marine safety requirements that did not exist at the time when the current
warships were built and will be the first major vessels operated by the RCN that include
passive fire barriers fitted at watertight divisions. In case of a fire, these barriers are
intended to control the spread of fire between the steel compartments by preventing the
conduction of heat through the steel structure into adjacent compartments, and use a non-
combustible mineral insulation that is tested and certified under the International Maritime
Organization (IMO) rules.

Because this is a new design requirement, fire fighting tactics and decision-making
processes are based on the existing context where the watertight division is an uninsulated
steel structure. In this context, the temperature on the side unexposed to fire is a good
indicator of conditions on the side that is exposed to fire. Surface temperatures and any
visual cues on the painted steel surfaces (such as off gassing, blistering or burning paint)
are useful in determining if safe entry through a door or hatch is possible, and what tactics
should be used. If the unexposed side is cool, then it can reasonably be assumed that there
is no fire in the immediate vicinity of the opening.

With the inclusion of fire insulation in the new vessels, these assumptions are no longer
valid, as the mineral wool insulation is specifically intended to prevent the transfer of heat
to the unexposed side. Since the unexposed surface is cool, personnel responding to the
fire using existing tactics and training tend to be more aggressive and may not follow
the normal entry procedures. The demonstration of full-scale results from live fire testing
including video, temperature data, and infrared images will be invaluable in explaining the
impact to RCN personnel. In turn, this will allow personnel to modify their approach to
include suitable caution in the new circumstance.

The RCN currently uses a two-tiered response, which consists of an initial response
by the Rapid Response Team (RRT), and a second response by a fully equipped Attack
Team (AT). The RRT uses visual cues and the sense of touch, and the AT uses both
visual cues and the infrared readout on a thermal imaging camera (TIC). Although the
certification testing demonstrates that the fire insulation will prevent the unexposed side
from exceeding a threshold temperature within a specified time rating, it does not provide
the full temperature data during the certification testing, which will have an impact on
current tactics.

The thesis includes a description of the experimental design, instrumentation, a con-
tinuous data capture setup, and construction details for the custom steel test wall that



includes features such as pipe penetration and a simulated door to replicate a typical wa-
tertight division that you would nd on a ship. Key results for each of the 10 large-scale
tests from the simulated marine compartment res demonstrate the unexposed surface
temperatures for both uninsulated and insulated cases, giving insight into how the insula-
tion changes the context, and how feasible di erent structural features may be to use as
'tell-tales’ when assessing how to safely conduct the compartment entry.

How paint responds to re is a key piece of information for the re ghting tactics.
Small scale testing methods were developed to evaluate how the re insulation interacts
with a painted structure and predict how the surface temperatures relates to various visual
cues (such as when the paint on the unexposed side begins to smoke, blister and eventu-
ally burn). Understanding paint responses in this environment will help improve current
training, help naval architects understand how to safely scale up insulated and painted
structures, and provide input for improving marine compartment re modeling.

The inclusion of re insulation to create passive thermal barriers on ships represents a
signi cant safety improvement, and its e cacy has been demonstrated in both certi cation
testing and in shipboard res. The results from this thesis provides data that shows real
temperatures on the unexposed side during both the RRT and the AT time frames will be
used to improve the current training, and adjust existing re ghting tactics and decision
making process in the RCN. Additionally, re insulation is installed on merchant vessels,
and thus these results will therefore be of interest to land-based re ghters responding to
marine res.
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Chapter 1

Introduction

Canada is currently in the midst of a long term project to replace the combat and non-
combat vessels for both the Royal Canadian Navy (RCN) and the Canadian Coast Guard
(CCG). New ships are currently under construction and will be delivered under the National
Shipbuilding Strategy (NSS); these will be compliant to the current international marine
safety regulations and other regulatory requirements. In particular, these will be the rst
mayjor vessels operated by the RCN that include passive re barriers, which are intended
to prevent spread of res between watertight compartments using non-combustible mineral
wool insulation. While this requirement has been in place for several decades, it became
law after the last major warship was built for the RCN. Since the current class of warships
operated by the RCN does not include any re insulation, the non-insulated boundary
conditions form the context for which the current re ghting tactics have been developed.
The work carried out for this thesis begins to quantify if and how this new requirement
will impact existing re ghting tactics in the RCN, and also to identify areas that may
warrant more in depth study.

The updated requirements for re safety were developed by the International Maritime
Organization (IMO), a United Nations organization that is responsible for setting the
global standards on safety, security and environmental issues for marine vessels. These
are laid out under the Safety of Life at Sea (SOLAS) regulations, with the re safety
requirements further detailed in the Fire Testing Protocol Code (2008) (FTP), both of
which will be further explained in the section below on the regulatory framework and
requirements. Canada and other allied nations have committed to meeting or exceeding
the same standard of safety for warships. These e orts have led to Canada's participation
in the development of the Naval Ship Code (NSC) which includes design guidelines for re
insulation using methods suitable for the unique needs and risks faced by warships.

For consistency, when discussing ship structure, a wall will be referred to as a bulkhead,
a oor will be referred to as a deck, and a ceiling as a deckhead. Horizontal openings in
walls are still referred to as doors, and a vertical opening through the oor or ceiling is
referred to as a hatch.

For understanding the unique context of marine res, it is important to understand
that, unlike a land based re, evacuating the ship is not a safe option. For a vessel
underway, evacuation is a last resort, as the ocean is a dangerous environment, and even
with the advances in life rafts and search and rescue, there are are signi cant risks to



the crew. To account for this, ships are subdivided into independent sections to allow for
compartmentalization, with both horizontal and vertical internal divisions that are smoke
and watertight. In either a re or ood emergency, this will contain the emergency as much
as possible to a single section and allow the ship to continue to operate (with warships
typically having a much greater degree of compartmentalization compared to commercial
ships due to the associated combat risks).

Redundant systems that are geographically separated are required to maintain basic
propulsion and navigation capabilities during an emergency, as are sheltered areas for the
crew on board the ship. In the SOLAS regulations, these design requirements are partic-
ularized based on the size and function of the vessel, so that factors such as passengers
and di erent cargo risks are considered. Because of their unique operational requirements,
warships need di erent design solutions, which is why the NSC and other naval standards
were developed. In either case, the addition of re insulation improves the compartmental-
ization by adding a thermal barrier to aid containment of both the heat and smoke in the
main re compartment without the necessity for additional intervention from the crew.

When a watertight division on board a ship is designated as a re division, any opening
in that bulkhead will meet the same insulation standard as the re division. The level
of insulation required is based on the re risk, and is a performance based insulation
requirement to meet either a 15, 30 or 60 minute re rating. This creates a consistent
thermal barrier to prevent heat from the re conducting through the steel structure and
spreading throughout the ship. For commercial ships that rely on containment and tted
systems to control the re, the presence of the thermal barrier ensures that there will be a
safe area for evacuation. This is needed since re ghting e orts by the crew on commercial
ships is typically defensive in nature and intended only to prevent further spread. With
limited equipment and training for the crew, tted systems (such as sprinklers) are relied
upon as the primary method used for putting out any re.

In contrast, on navy vessels, such heat transfer previously was prevented by setting ' re
boundaries', with a damage control crew that manually prevented the heat from spreading
beyond the initial watertight compartment by using cooling water. This was done because
most naval crews are equipped and train extensively to engage in o ensive re ghting
which is a key survivability consideration when engaged in combat after battle damage has
been sustained. Therefore, instead of relying on sprinklers to control the re, a naval crew
might enter the compartment where the re is located in order to control or extinguish it.
Unigue considerations such as this means that the context of re ghting tactics between
commercial vessels and naval vessels can be vastly di erent. Therefore, it is important to
review and update re ghting tactics as design standards are updated on a naval vessel
as the design changes may also impact the underlying assumptions and conditions that
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originally formed the basis for re ghting operations. Further, there is increasing interest

in taking advantage of technology to reduce crew sizes and save on in-service costs by the
Navy. Thus, new understanding of where the re insulation can be taken advantage of and
what risks remain are key to safely incorporate this feature into both vessel design and re
ghting tactics in the RCN.

In current marine re ghting tactics, the temperature of uninsulated steel divisions can
be used to judge the local re severity prior to entering a re compartment (via a door or
hatch). In the new designs, the doors and hatches on the re divisions will be insulated
to the same standard as the divisions to create a continuous thermal barrier. As a result,
surface temperatures on the bulkhead around the opening to a compartment with a re
may no longer be a reliable indicator of the temperature and conditions on the interior to
that compartment. It then becomes di cult for the re ghting team to judge the severity
of the situation in the immediate area. In simple terms, previously a 'cold' entry door to
the compartment was an indication that it was safe to enter the compartment, while things
like high surface temperatures, blistering paint, warping metal and other indications of a
'hot door' would indicate that that 'door' may not be a safe entry path without proper re
ghting equipment, and that speci c tactics would be required as part of the entry. This
change would signi cantly a ect the decision loop that needs to be made as part of the
entry procedure, since in the current process the surface temperature is used to determine
if it is safe to open. Further, because the re ratings at di erent divisions will vary based on
the design requirements, understanding speci ¢ changes to the installation of insulation as
the re rating increases is also important in understanding how heat transfer and thermal
cues to severity may be impacted during a re scenario.

As noted above, the spread of re via conduction of the heat into adjacent watertight
compartments is currently restricted by boundary cooling, which consists of the manual
application of water to cool the deck or bulkhead as needed and create a thermal break
to protect against heat conduction to other areas. While this tactic may not be necessary
where insulation is installed on a re division to prevent heat transfer, it is not understood
what e ect the containment of heat by the insulation will have on the painted steel bulkhead
surfaces. lItis, then, also of interest to determine whether there will be su cient heat built
up to pyrolyze the paint underneath the insulation and generate su cient quantities of
smoke in adjacent compartments to impact tenability.

Because the crew cannot simply evacuate the ship safely, part of the re safety design
requirement for a ship is to include systems to maintain a tenable atmosphere in as much
of the vessel as possible by automatically preventing any smoke generated by a re from
spreading to adjacent areas. In addition to providing safe egress routes during the initial
stage of the re, maintaining tenable conditions throughout the majority of the ship is
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critical to the crew's ability to safely respond and recover from a re, and typically includes
additional precautions to protect the areas required to safely operate and navigate the
vessel.

To supplement the automatic systems, part of the current re response includes person-
nel in the adjacent compartments to the re providing cooling to those areas and preventing
further spread of smoke by additional compartmentalization in the vicinity of the re. Thus
it is critical to understand any changes in the way in which smoke will develop in adjacent
compartments with re insulation installed prior to any potential revision to the roles of
personnel employed at the re boundaries relative to how they are employed under exist-
ing tactics. For example, making assumptions that the boundary personnel are no longer
required because the re insulation provides a thermal barrier may lead to uncontrolled
spread of smoke throughout the ship and thereby endangering the crew and disrupting re
ghting e orts which rely on staging areas having tenable atmospheres. So prior to chang-
ing current re ghting tactics, it is critical to understand what is the di erence between
the certi cation testing and the real world re scenario that you would nd on a ship.

Finally, because the insulation strategy implemented at each re division has a di erent
time rating depending on the compartment re risk, it is not known what happens during
re scenarios that extend past the rated re duration. In particular, it would be of interest
to determine, when re insulation is installed, how e ective boundary cooling tactics with
water might be to create a thermal break late in a re of extended duration.

This research was undertaken in an attempt to begin to develop answers to the above-
listed unknowns, as well as to develop useful testing and analysis methods through which
to later extend experimental results and outputs from computer modeling to situations
even more representative of the actual con gurations encountered on naval vessels.

1.1 Research Objectives

The objectives of this research is;

1. To examine the temperature di erences on the unexposed side of a non-insulated
bulkhead and the insulated bulkheads to determine if changes are required for the
RCN re ghting tactics and training; and

2. To undertake a preliminary, small scale study to determine how the presence of paint,
in combination with the new insulation, might a ect the re ghting response and
procedures.



The addition of re insulation is a signi cant improvement in re protection on board
vessels; however, the FTP Code test requirement is a PASS/FAIL result designed to en-
sure the unexposed side of a bulkhead does not pass a threshold temperature within a
designated time period. This is e ective in preventing a re from spreading through a wa-
tertight division by preventing the transfer of heat and does constitute a signi cant safety
improvement. At the same time, it changes the re compartment boundary conditions as
well as the overall context for the current set of marine re ghting tactics and procedures.

While common sense dictates that the unexposed side of an insulated division will have
lower temperatures than a non-insulated one in a re scenario , there is no data available to
judge how much lower the temperatures may be, particularly in more realistic, less severe

res than those used in the certi cation testing. Therefore this research was tailored to
verify the expectation and quantify the resulting thermal di erences, particularly for a
bulkhead that included some structural features representative of a bulkhead that would
be found on a ship. By using a representative, well instrumented test wall with controlled
re exposures it was aimed to better evaluate how current marine re ghting tactics may
be a ected by the use of insulation required under the new SOLAS regulations.

To meet the above objective, a steel test bulkhead was designed to include structures
that would be found on a typical marine bulkhead and door way, including a pipe penetra-
tion, structural reinforcement, door securing arrangements and a door handle. This created
a composite structure representative of a realistic ship setup that could be tested under
the complex heat transfer scenario found during a re to better evaluate what personnel
involved in an emergency re response on a RCN ship would see at each of the di erent
stages of re development.

The data captured includes temperature distribution within the re compartment and
video characterizing the re conditions, as well as continuous temperature monitoring of
key points on the unexposed side of steel bulkhead to gather data relevant to personnel
looking to enter the re compartment as part of their response.

In addition to capturing research data, an important objective of this study was to
gather data that was useful for training of RCN personnel about the response of the
new insulated walls to re exposure. High De nition video and Infrared (IR) images
captured using the Thermal Imaging Camera (sometimes Thermal Imager Camera) (TIC)
observing the unexposed side of the test wall were useful for documenting and analysing the
experiment, but will also be combined and edited to enhance current personnel training.
These clearly demonstrate what a responder might see with their own ruggedized TIC, as
used by RCN re ghting teams. In addition, the video results and IR images are generally
more illustrative across a wider eld of view than can be represented by raw temperature



data plotted on graphs.

As a nal step in the research, preliminary bench tests were done to quantify the tem-
perature at which the paint coating system will begin to discolour, smoke and blister. This
complements the above information and is useful to correlate the observed temperatures on
untreated steel surfaces to what visual indications may be evident for personnel responding
to a re emergency. Further, it provides information about the threshold temperature at
which the paint will begin to o -gas and produce smoke, which is important to understand
for safety of personnel and for taking action to prevent the spread of smoke. Additional
bench testing methods were developed and conducted to investigate how the paint coating
interacts with the installed re insulation, as well as how smoke generation and heat release
rate from the coating will change over the life of the ship due to accumulation of paint
layers over time. This is of critical importance to understand prior to making changes to
the current roles of personnel employed in adjacent compartments, who are responsible for
both boundary cooling to provide a thermal break, and smoke management to maintain
tenable conditions in the remainder of the ship.

The combined results from this research thesis are of particular value for modeling
purposes, as they could potentially have a signi cant impact on analysis and determination
of the escape routes and tenability conditions in a main watertight re compartment, while
taking typical changes over the vessel's life into consideration as well.



Chapter 2

Background Information

2.1 Literature review

Marine re ghting is a niche subject in the re safety arena where the focus primarily is
on structural or outdoor res. This corresponds directly with the relative number of re
incidents in each context; for example between 2005 and 2014 the National Fire Informa-
tion Database in Canada recorded 439,256 structural, vehicle and outdoor res [6]. For
comparison, during a ten year period from 2008 to 2017, the Transportation Safety Board
of Canada had an average of 41 re incidents reported [28]. Accordingly, a literature review
for the present research did not nd any previous work done on how the introduction of
insulated re divisions may a ect re ghting tactics on marine vessels.

There are several commonly used standards and references related to marine re ghting
but these similarly approach the subject from a di erent perspective than that in this
research. Typically, the topic is approached from the perspective of land based re ghters
who are responding to a marine re, so is intended more for civilian vessels in a harbour,
with the local re department personnel acting as the primary responders. In North
America, National Fire Prevention Association (NFPA) has published Standard 1005 for
the training of land based re ghters for marine res, which is widely used as a quali cation
standard in local re departments located near waterways or harbours that may respond
to a re on a ship [23]. For more detailed manuals that discuss the basic of how ships are
constructed, general procedures, tactics and risks the International Fire Service Training
Association (IFSTA) manual for marine re ghting for land based re ghters details
information relevant for the response of a local re hall to a ship re in harbour on typical
civilian vessels. The information is not complete for the present purposes, however, as
it only notes that insulation may be present on the bulkheads, without discussing any
implications of the presence of the insulation on the re progression, or on the tactical
decision making process [11].

The other widely used IFSTA reference is the Marine Fire Fighting guide (see [10]).
This is the most in depth public reference on marine re ghting tactics that could be
identi ed. This reference includes a description of procedures and tactics, as well as some
basics about the existence of re divisions. However, with the exception of a note that high
surface temperatures on a re division would likely indicate a severe re on the opposite



side, it does not speci cally address how that may a ect re ghting tactics, such as space
entry procedure or boundary cooling [10].

In addition to the publicly available references, the author reviewed the speci ¢ Royal
Canadian Navy manual for re ghting. While it includes speci ¢ considerations for naval
vessels, such as re ghting in areas of ammunition storage, it also does not speci cally
address any impacts of the design of re divisions (i.e. with or without insulation, et
cetera) on re ghting tactics and decision making [7].

Based on the lack of speci cally relevant literature, the design of experiments in the
present research focused on gathering some basic data to begin to quantify the possible
impacts on re indicators of installing insulation on compartment divisions, using a generic
re scenario and representative ship features built into a composite wall. No RCN consid-
erations from [7] were included in the investigation to ensure wide and open publication of
the results, though the basic procedures are comparable to what is described in detail in
[10] and summarized below for context.

2.1.1 Recent example of a major re on a naval vessel

Even though it is a much lower frequency event, the recent re on the US navy shipon-
homme Richardwhile alongside in San Diego is a good example of the possible severity and
impact of a shipboard re that underlines the importance of understanding re indicators
as they relate to re ghting tactics in the RCN. While the Bonhomme Richardmay be an
extreme example, as the ship was undergoing signi cant maintenance, re ghting systems
were not available and normal compartmentalization procedures to limit re spread were
not feasible, it gives an idea of both how di cult it can be to put out a re on a ship once

it grows beyond the initial compartment, as well as the potential order of magnitude of
the nancial losses and loss of operational assets that can result. At the same time in this
instance, the US Navy was able to deploy multiple large teams of trained re ghters as
well as signi cant external assets such as re tugs and helicopters with water buckets to
prevent an even larger event. While it was fortunate that there were no injuries, the ship
was a total loss due to an estimated repair cost of betweerbzand 32 Billion USD and a
timeline of between ve to seven years [32], which is comparable to the cost and timeline
to build a new vessel as a replacement.

While most marine res are not this extensive and ships can be repaired afterwards, it
does illustrate why these are 'low frequency, high impact' risk events, and also demonstrates
why there is a greater investment in re safety equipment and training than for a civilian



ship. Particularly for dedicated combat ships, robust re safety design/equipment and high
level of crew training are key considerations when looking at surviving combat damage.

2.2 Civilian vessels versus naval vessels

Typically naval vessels are more complex with additional and unique risks over the typical
civilian ship. In particular, they have di erent operational requirements, including possibly
sustaining and continuing to operate with combat damage. Therefore, their designs do not
fall under the same regulation as civilian vessels, as those may not be appropriate for
naval requirements. Instead a separate set of standards has evolved with the general intent
of meeting or exceeding the safety performance standard set for civilian vessels as far as
practicable, while simultaneously responding to the unique requirements for naval vessels.
Since it is key to the context for this work, the naval regulatory environment will be
discussed in greater detail below.

2.2.1 \essel di erences

Depending on the function of the vessel, some will be built to/near civilian standards,
but may incorporate additional features such as ammunition storage, or at sea refueling
capabilities not normally found on civilian vessels. The typical warship on the other hand
is quite di erent as they have unique explosion/shock and similar combat requirements.
From a re safety perspective, the biggest general di erences seen on a warship relate to
features such as greater redundancy in critical systems such as the re main, redundant
control station locations for emergencies, and a higher degree of compartmentalization.

In common, any modern ship will have similar detection and suppression equipment,
and have systems in place to control the spread of smoke and close watertight doors and
hatches to limit the spread of re outside of a compartment of re origin. For the purposes
of this research, many aspects of the basic marine re ghting approach would be the same.
The primary di erence would be that a warship design is more subdivided and includes
systems to better compartmentalize the re to a smaller area. More equipment is also
distributed around the ship to allow a re ghting team to put out the re directly, rather
than rely solely on a set of tted systems for re control and suppression.



2.2.2 Crew di erences

Generally a civilian crew will have extremely limited re ghting training. Therefore, the
crew will primarily respond by evacuating an area, con ning the watertight section, and
activating any tted system (if available). If that is unsuccessful, they will likely leave the
area sealed o, attempt to keep the boundaries cooled down using re hoses and allow the
re to self-extinguish once it consumes the available air in the now sealed compartment.
Additionally the crew itself will normally be quite small, with large container ships having
20 crew members or less on board.

In contrast to a commercial ship, every member of a naval crew will generally have
some basic re o ensive and defensive ghting training, with some having more specialized
and in depth training. Because naval vessels may be expected to sustain damage during
combat operations while engaged in several concurrent activities over an extended period,
they will typically have signi cantly larger crews for the size of vessel. This allows the
crew members to be more proactive and engage in direct re ghting operations, with the
appropriate equipment, training and regular practice to remain prepared.

2.2.3 Civilian versus naval tactical response

Even if the general ship systems are similar, there is a signi cant di erence in tactical
response between civilian and naval vessels because the Naval crews are equipped and
trained for o ensive re ghting (i.e. entering the re compartment and using a re

hose or similar to put out the re), while the typical civilian crew will only engage in
defensive re ghting (i.e. con ning the re and preventing it from spreading outside the
compartment of origin).

For a civilian crew, the addition of insulated re divisions into the vessel design are
a key safety feature that is intended to prevent further spread. In a scenario where the
re is not put out quickly with a tted system, the re divisions prevent thermal transfer
through the steel structure to adjacent compartments and thus form a passive measure to
limit the spread of re outside the watertight compartment with no intervention by the
smaller and less well trained commercial crews. Prior to the introduction of re divisions,
heat was able to spread through uninsulated steel so that even though the re may be
sealed inside a water and smoke tight compartment, it was still possible for it to spread
by heating up adjacent compartments enough for auto-ignition of available fuels. This risk
was partly mitigated through the IMO standards that limited the compartment fuel loads
and the ammability properties of all materials used on board. The recent addition of
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re insulation further decreases the risk of re spread by inhibiting the spread of heat to
adjacent compartments.

For a naval crew, the new re divisions perform the same function in terms of preventing
the spread of re by containing the heat. At the same time, they eliminate the previous
direct feedback to responding crew members about the conditions of the re compartment
from the opposite side of the division. Before the new insulation regulations came into
e ect, an uninsulated steel bulkhead could reasonably be expected to be 'thermally thin’,
with no thermal gradient across the cross section of the plate steel. This meant that any
hot surfaces forming the boundary of the re compartment would be evident from adjacent
unexposed compartments. Further, this exterior temperature indicator is built into current
RCN tactics, which now need to be evaluated to see if they require adjustment on new
vessels that incorporate re insulation. Speci c tactics will be discussed individually below,
after providing some context about the regulatory environment for naval vessels and why
the present research issue is now relevant for the Royal Canadian Navy.

2.3 Naval regulatory environment

Because the treaties and international laws governing marine safety standards speci cally
exclude military vessels, a brief description of the Naval regulatory environment is included
for context. This includes a description of how the normal marine regulatory environment
works, and how the RCN self-regulates under the Naval Material Assurance program, with
the Naval Ship Code being used to meet or exceed the marine safety standards developed
for commercial vessels. This self-regulation includes the selection of which standards will
be applied and how they are interpreted during the design, and how the oversight and
veri cation process to ensure compliance to the safety standard occurs while the vessels
are in service.

In the global environment for marine transport, the management of safety standards
falls under the auspices of the International Maritime Organization (IMO), which is a UN
specialty organization responsible to manage and update the maritime conventions. The
key convention that deals with marine safety is the Safety of Life at Sea convention SOLAS,
which includes re protection, detection and suppression and other related elements. As
the IMO signatories include 174 member states and 3 associate members, these standards
have been e ectively accepted around the globe. [12]

While this is e ective for merchant ships, the unique requirements of naval ships results
in design solutions that are not compatible with all the provisions in SOLAS, and in fact,
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adherence to some of the SOLAS provisions could result in a reduction of capabilities,
or signi cant increase in costs. In 2004, NATO countries established a team made up of
specialists from both the Navies and classi cation societies to develop a goal based safety
structure that uses common worldwide standards but at the same time recognizes military
operational requirements. This led to the development of the Naval Ship Code and the
publication of the rst edition in 2009. This document is updated annually and includes a
number of safety areas, including specic re safety requirements. [22]

In Canada these conventions have been adopted under the Canada Shipping Act and
related regulations, with Transport Canada being designated as the department responsible
for merchant and commercial activities. In addition to Transport Canada, a number of
classi cation societies have been recognized as responsible third parties that can inspect
and issue safety certi cates for vessels. Some examples of the classi cation societies includes
Lloyd's Register (LR), American Bureau of Shipping (ABS) and DNV-GL (from the merger
of the two classi cation societiesDer Norske Veritas and Germanischer Lloyd. These
classi cation societies have their own design standards that provide further guidance on
how to achieve the performance requirements. In order to be certi ed as conforming to the
classi cation society rules, the major components and equipment need to be reviewed and
accepted by the class society, as well as the overall vessel design. For re insulation and
paint coatings, both of which are included in the subject of this thesis, this means that the
results of IMO re tests[12] are submitted to the classi cation society, which includes the
speci ¢ con guration that was tested with a certi cate from a recognized laboratory that
it passed the IMO test.

In this thesis, only the requirements for surface ships are discussed, as the submarines
have a distinct and very rigorous safety program to deal with their unique requirements.
In general, unless particular military speci cations exist, di erent civilian standards are
used. Thus, re insulation meeting the IMO requirements will also be used in modern RCN
vessels, with some additional selection criteria used during implementation of the design
to account for the di erent re risks found on warships.

2.4 IMO re testing requirements

The standards for the re insulation, as well as the testing protocol is found in the IMO

Resolution MSC.307(88), the International code for application of Fire Test Procedures,
with the most recent version rati ed in 2010 (also known as the 2010 FTP Code)[12]. This
protocol details the testing procedure used to certify re insulation material, as well as
doors, windows, oor covering material and furnishings to meet the SOLAS requirements.
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The test standard looks at these components individually and uses a PASS/FAIL procedure
to rank the performance the re insulation, and also includes smoke and toxicity testing
requirements for the surface nishes (such as ooring or paint coatings).

Based on the above requirements, the underlying experimental design for experiments
conducted in this thesis is based on the IMO testing protocol for re insulation. Additional
structural features were also built into a composite test bulkhead to more realistically
represent a bulkhead that would be seen on a typical ship. The experimental test res
deviate from those in the IMO standard as they are selected to represent more realistic
re scenarios than are used in the IMO re testing. The experiments conducted in this
research are also instrumented with continuous data acquisition to document what a crew
may see during di erent stages of responding to a re. This will be discussed further in
the applicable section, but a summary of the IMO test protocol is included here to provide
context.

The IMO FTP uses common building and transport re performance testing procedures
(such as ISO 834-1, re resistance tests, and ISO 1182, Non-combustibility test), so no
specialized laboratory setup or certi cation is required for marine testing. This setup
forms the basis on testing for materials to be certi ed as meeting either the \A" or \B"
classi cation requirements for a speci ed length of time.

Prior to testing the insulation values, the material is tested for non-combustibility, as
well as for smoke production and toxicity.

Fire performance testing is done in accordance with the ISO 834.1 procedure, with the
sample mounted as part of a standard wall setup. Thermocouples measure the temper-
ature rise of the unexposed surface of the steel core, with the insulation installed on the
exposed side. The structure can be constructed of either steel or aluminum, with minimum
dimensions of 2440 mm in width, and 3040 mm in length, with sti eners spaced at 600mm.
[12]

The furnace temperature used to represent a re temperature follows the standard ISO
834.1 temperature-time curve, which is given by;

T,=20+345 log(8t +1) (2.1)

This results in the temperature curve found in Figure 2.1.The temperature undergoes
a very rapid temperature growth to temperatures exceeding 80C in the rst 2 minutes
of the test with a peak temperature exceeding 100C during a 2 hour test in the furnace.
This is intended to represent an exposure scenario that is more severe than a typical re
scenario, which would generally have a slower, more parabolic growth period to a peak
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temperature in the range of 600 - 80€C, and would then decay once the combustibles are
consumed.

Figure 2.1: 1SO 834-1 standard re curve

2.4.1 Marine re division - designations

There are two di erent re insulation ratings; "A" and "B" class divisions. The classi ca-

tion criteria are performance based, using PASS/FAIL criteria that the re insulation must
not exceed a maximum measured temperature on the unexposed face during a de ned time
period. Of the two designations, "A" class criteria require a lower maximum temperature,
which requires better insulation performance than the "B" class rating under the same test
conditions.

The re boundary also has a time rating component, measured in minutes, and uses the
syntax of (Class) - (Time Period) to indicate what level the particular test con guration is
quali ed to. For example, an "A-15" certi cation indicates that the particular con guration
of re insulation tested meets the criteria for the "A" class division for a time period of 15
minutes, while a "B-60" meets the "B" class division criteria for a period of 60 minutes.
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The class of re insulation required is determined in the regulatory standards by the
vessel classi cation system, which takes into consideration the size of the ship (based on
gross tonnage) and crew size, the role of the vessel, if passengers are embarked and other
relevant factors that a ect the re risk. These requirements are detailed in either the
classi cation society standards (based on SOLAS) or the Naval Ship Code requirements,
and provide design guidelines to determine what re rating (if any) is required at each
division. Generally, larger ships, passenger ships, or ships with high risk cargo will require
"A" class re insulation, while smaller vessels with lower re risk will only require "B"
class re insulation. This is speci ed to allow a suitable level of re protection that takes
the context of the vessel into account, which balances the additional cost and weight of
the re insulation against the re risk of the particular vessel.

2.4.2 Marine re division - test criteria

Of interest to this research are the criteria that are required to be met to be certi ed for use
as an \A" or \B" class steel division for the one hour re test. These can be summarized
as:

\A" Class divisions:

" The average temperature of the unexposed face shall not rise by more than 240

" no measured temperature rise can exceed 18D
\B" Class divisions:

" The average temperature of the unexposed face shall not rise by more than 240

" No measured temperature rise can exceed 225
Time periods allowed for each classi cation [12]

" 0 minutes (A-0 or B-0)

" 15 minutes (A-15 or B-15)
~ 30 minutes (A-30 or B-30)
~ 60 minutes (A-60 or B-60)
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Successful test results will allow the product to be certi ed for the speci c classi cation,
and will include details such as mounting arrangements and orientation (bulkhead, deck,
et cetera) and insulation thickness, which can then be used in the design of the vessel
to ensure it meets the code requirements. These details also need to be followed during
installation onboard the vessel for the re insulation to meet the required standard.

Additionally any door or hatch through the division needs to be certi ed to the same
re performance level, with any penetration (such as wiring, piping or HVAC) similarly
protected, subject to the same test conditions and criteria. For the experiment, this means
that a uniform level of re insulation can be installed on the customized test wall, which
is consistent with both the insulation certi cation process and a ship board installation.

2.5 Marine Fire Division - Insulation installation and
mounting

As part of the design process, the level of protection required at the re division is deter-
mined based on either the SOLAS requirements (incorporated into class society standards)
or something similar to the NSC requirements for naval vessels. Once this is determined a
quali ed supplier is selected and the insulation will be installed as per the setup that was
tested.

For example in Table 2.1 shows the standard installation con gurations for the marine
grade SeaRox 620 SL insulation used in this experimental setup for A-15, A-30 and A-60
classi cations. These con gurations have all been tested using the IMO protocol and have
been reviewed by the classi cation societies for approval.
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Insulation Standard Location Thickness
A-15 Plate 50mm

Sti ener no insulation
A-30 Plate 40mm

Sti ener 25mm
A-60 Plate 60mm

Sti ener 25mm

Table 2.1: Rockwool Searox 620 SL approved installation con gurations [16]

The change in the required level of insulation as the time period is increased is demon-
strated in Figure 2.2. Initially only the large plate sections are insulated, with the sti eners
exposed. As the time rating increases to 30 minutes, the sti eners are also insulated to
eliminate the thermal conduction path from the face of the sti eners to the unexposed
side. As the time rating increases further, the insulation thickness increases as well.

(&) A-15 Standard installation (b) A-30 Standard installation

Figure 2.2: Comparison of SeaRox 620 SL standard A-15 and A-30 con gurations [16]
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The insulation itself is mounted on standard 3 mm stainless steel pins with 38 mm
spring washers to hold it in place. The pins extend nominally 10 mm past the washer and
are typically bent over and capped/taped over to avoid a sharp protrusion. The maximum
spacing allowed between pins is 300 mm, with a 150 mm o set from the structural sti eners.

Where the re division terminates at the edge of a deck, in order to prevent ther-
mal conduction along the boundary, additional insulation is installed around the adjacent
structure for least 380mm for steel structure (450 mm for aluminum alloy)[12].

On board a vessel, the installed re insulation will include a surface nish on the visible
side in the compartment. This could be a reinforced aluminum foil or glass cloth and is
intended to prevent moisture and oil penetration. A variety of additional decorative facings
are also available to cover the exposed surface of the re insulation for aesthetic purposes,
which may include a non-structural sheet metal facing that can be either painted, or have
simulated surface nishes (wood, marble et cetera) applied. The decorative facings will
also be tested to meet the IMO FTP standards, but do not contribute to the re rating of
the division. These nishing products are not typically included on RCN vessels, so were
not examined as part of this research.

2.5.1 Marine re division- treatment of penetrations

Similar re rating requirements exist for penetrations, such as piping, electrical conduit
and HVAC trunking. In addition to the air and water tight seal required to maintain com-
partmentalization, re insulation is installed at speci ed distances along the penetration
from the bulkhead or deck. The material speci cations for the penetrations are determined
by a variety of standards, and include requirements such as low smoke generation for wire
insulation, with the IMO standard containing speci c instructions for how to insulate the
penetration, as well as prohibiting certain materials from penetrating A class bulkheads
and decks (such as piping with a melting point below 100).

Under the IMO FTP, in order to meet the re division rating requirement, piping with a
melting point greater than 1000°C must be welded directly to the bulkhead, or bolted onto
a ange welded to the penetration point. Insulation meeting the same standard as the re
division is installed on the piping a minimum of 380 mm from the steel bulkhead (or 450
mm if it had been aluminium structure). [12] Figure 2.3 demonstrates this arrangement
for a steel pipe that is penetrating an insulated bulkhead, and how the re insulation is
incorporated onto the piping to maintain the re division thermal barrier.

Electrical conduit and HVAC trunking that penetrate re divisions have similar exterior
insulation arrangements, with the HVAC trunking also including internal re dampers to
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Figure 2.3: Diagram showing pipe penetration re insulation installation requirements[30]

prevent the spread of smoke in case of a re. Those elements were not examined in this
research due to the limited wall surface available in the test unit.

2.5.2 Other considerations - Paint coating used for Corrosion
protection

Because ships are normally made of carbon steel and operating in a corrosive salt wa-
ter environment, the inspection and maintenance of the paint coatings that protect the
structure is a critical regime to prevent rust from causing signi cant damage to the vessel.
Because most of the boundaries in a compartment will consist of a painted surface, the
IMO FTP includes a test procedure for paint, with speci cations that must be met to be
used onboard a ship. This testing includes performance speci cation for the ame spread
characteristics as well as smoke generation rate and toxicity, and is designed to minimize
the contribution of the paint to re spread as well as the impact of any smoke from the
paint on compartment visibility and tenability.

In a typical compartment, the bulkheads and deckheads will be painted with a two part
primer and topcoat system, and any HVAC or re insulation required will be installed over
top. Mineral wool re insulation can be applied on the ceiling of the compartment below a
deck but instead, most decks have a tile or similar ooring system installed that also must
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comply with IMO FTP requirements. This research focused on the use of the mineral wool
re insulation as that is the solution used on RCN vessels, so re rated ooring systems
were not examined, but may be relevant to marine re ghting on yachts or cruise ships
where it is more commonly used.

The paint coatings are normally renewed every 5 years during a docking period, which
can be done either via application of another topcoat (after suitable preparation to remove
salt and ensure adhesion), or through the complete removal and application of a new coat
of primer and topcoat. The complete removal is typically only done if the paint is in poor
repair, or if the steel requires repairs, because of the labour required to properly prepare
and remove the paint coating back to bare steel. Thus, it is not normally done if the paint
is in generally good condition and is properly adhering to the steel. In the experience of
the author it is common for paint to accumulate on compartment walls and ceilings during
the life of the vessel, particularly in accommodation spaces and corridors in the vicinity
for quality of life reasons, and may impact the safe available egress time for a re in the
vicinity if it impacts the ame spread, smoke or toxic byproduct generation characteristics
of the coating beyond what is allowed under the IMO FTP. As RCN ships also can be used
for diplomatic purposes by hosting guests while in foreign ports on behalf of Canada, the
accumulation of paint can be particularly prevalent in the high tra c areas that VIP guests
would have access to while on board, as these areas may be more frequently repainted while
in service prior to high pro le diplomatic events. As these corridors can form part of the
boundaries for higher re risk compartments (such as high powered electronic spaces) this
may increase the risk of re spread and the smoke generation in adjacent compartments
during those re scenarios.

The paint renewal usually includes a coating onto existing visible HVAC insulation
installed along the ceiling as well as the outer hull for a uniform colour and appearance
in the accommodation and working areas. It is not clear if this practice will continue
with new vessels that include installed re insulation causing an accumulation of paint
on the exposed surface of the re insulation, but the accumulation of paint on normal
steel surfaces is expected to continue. Both situations are of interest here since no data
is currently available on how the accumulation of paint over a vessel's life may a ect the
visible indicators of res currently used in re ghting decision making and response, or
contribute to the compartment heat load, smoke generation rate and toxicity levels in the
re compartment and potentially surrounding areas.
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2.6 Naval Ship Code regulations

In order to take a more systematic approach to designing and maintaining the safety
standards on warships, the RCN is adopting the principals of the Naval Ship Code, and is
an active member in the development and updating to the standard done in partnership
with other NATO allies. The Naval Ship Code (NSC) has eight separate safety areas to aid
in management and certi cation, and follows similar organization to the SOLAS standard.
These areas include structure, engineering systems, navigation, communication and other
key safety areas. For ease of use, it is split into three separate parts: goals, solutions and
justi cations and guidance respectively. The requirements are performance based, and the
level of compliance is at the discretion of the country, but does o er a workable rule set
that can be applied to design and maintenance of a warship throughout it's life. These
goals cover the same scope and an equivalent level of safety as SOLAS, while taking the
operational requirements and capabilities unique to warships into account. [22].

2.6.1 Fire protection requirements

Fire protection requirements have a dedicated chapter in the NSC. In this, the primary goal

of re insulation is to contain the re to the compartment. It also relates to minimizing

e ects of local heating, as well as maintaining the structural integrity of the vessel by

preventing any loss in strength that may occur when the steel is heated. Specics are
described in detail below, but essentially a non- ammable insulation material is mounted

to compartment boundaries to keep the temperature rise under a speci ed limit over a given
period of time. As one part of the re safety goal, the insulation can also be combined
with other measures that prevent the spread of smoke and facilitate quick detection and
suppression of a re.

Ships, unlike buildings, have walls (\bulkheads") and ceilings (\deckheads") made of
steel plating with typical plate thicknesses of approximately 5-8 mm. During a re, al-
though the structure itself is non-combustible, the steel is highly thermally conductive
unless some kind of insulation is applied. This allows res to spread to adjacent compart-
ments via heat conduction and secondary ignition of combustibles, even if there is no direct
ame spread or smoke propagation from the original re compartment.

For this reason, the level of insulation required for various compartment boundaries
is speci ed during the vessel design phase. The Naval Ship Code allows for two separate
solutions; one is based on SOLAS requirements, and the other is risk based. Both determine
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what level of insulation is required, and are based on identifying the re risk within a space,
as coupled to the function of the space and the function of adjacent spaces.

This approach ensures that in the event of a re, su cient insulation is available to
prevent the re from spreading to adjacent compartments, but rationalized to minimize
the added weight and contain costs.

Prior to the requirement for re insulation being incorporated into IMO standards,
any insulation between compartments was strictly for HVAC purposes, and intended for a
maximum temperature of up to 50°C . In cases where insulation was installed on doors
and hatches, it was typically mounted at locations on the ship leading to outside and it
was assumed that the HVAC insulation would fail under typical re conditions (in excess
of 500°C). In this context, a valid assumption made in de ning re ghting tactics was
that the entrance was ‘thermally thin' and thus that the surface temperature at the entry
point could safely be used as an indicator of re progression during the re ghting tactical
decision making process.

It is therefore important to understand how the Naval Ship Code impacts design in
naval vessels. This is particularly critical to the RCN and other navies, given that the
non-combatant and auxiliary vessels will typically be built to meet commercial marine
standards, with the Naval Ship Code only applied to combatants. In the present context,
insight into the impact of any approach to re insulation of compartment boundaries
is useful and provides the necessary context to understand how those approaches might
impact re tactics and decision making. Depending on the code requirements, or with new
insulation requirements, tactics may have to di er on warships relative to other vessels or
alternately may remain similar across vessels where there is common ground in the marine
standards. In all cases, the design changes must be taken into account to ensure that
the current approach to using common individual re ghting training for the crew, with
collective training to address any class-speci c issues, is still valid as the RCN undergoes
a full renewal of the eet.

The Naval Ship Code, Part 2, provides two di erent approaches to meet the goal of con-
taining the heat from a re in the compartment of origin as part of compartmentalization.
The application is broken down into three di erent naval ship types;

" Type A- 240 or more embarked personnel, or may carry more than 36 passengers;
" Type B { 60 to 239 total embarked personnel, with no more than 36 passengers; and

" Type C { less than 60 embarked personnel, of which no more than 12 are passengers.
[22]
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Safety requirements increase with the number of embarked personnel and potential
passengers to allow additional safety margins, and also due to the fact that this generally
corresponds to an increased size and complexity of the vessel.

Solution 1 is based on SOLAS, and prescribes the re rating, and thus insulation design,
of the boundary based on the function of the two spaces that it separates. If applied,
this approach requires additional requirements for smoke control to be applied. Solution
2 assigns a risk and value score to each compartment, and uses that to determine the
necessary re rating at the boundary. This approach integrates the smoke control aspect
so it does not need to be applied later in the design process. The specics between the
two approaches are not relevant for the research, except to note that they may result in
slightly di erent results in terms of what insulation rating is required at some boundaries.

In addition to the compartment insulation, the ship is divided vertically into main re
zones. These are generally no bigger than 40m in width or length (but can be extended
to 48m to coincide with watertight subdivisions or for large spaces). These re zones are
divided by A-60 (S) class divisions. These vertical main re zones apply to both solution 1
and solution 2 when determining the re insulation rating. Further, these main re zones
give the ship three main re safety sections, allowing safe mustering points during the
initial reaction and subsequently response to the emergency.

2.6.2 Impact of SOLAS versus Naval Ship Code standard on the
design

In both the commercial marine standard, and the two di erent NSC approaches, there will
be varying levels of re insulation installed at di erent divisions, and potentially di erent
smoke control arrangements each a ecting the boundary conditions of the re as well as
the conditions in the adjacent compartments. Di erences in approach to design across the
standards mean that there are di erences in the underlying philosophy driving the result.
Thus, developing universal, standardized tactics for re response and decision making is
not possible. Instead, it must be particularized to each vessel to directly relate to the
actual implementation of the re insulation.

The work done in this thesis is intended to generate preliminary understanding of the
general impacts of re insulation on compartment boundaries, so that when speci c sce-
narios are being looked at, the context of how re insulation may a ect the re ghting
approach and tactics can be better understood. It is currently assumed that the re in-
sulation will reduce heat conduction and change the temperature pro le on the surface
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in the adjacent compartment su ciently to render current tactical decision-making ap-
proaches very di cult. However, until the extent of the change is known, adaptations of
the approaches are not possible. Thus, the experimental data collected in this work will
provide some objective measures to quantify the impact of the addition of re insulation
and examine if there are di erent indicators that can potentially be used in the re ghting
decision making process.

A key di erence in modern vessel design that will not looked at as part of this research
is nished surface covering on the compartment boundaries. Commercial nishes for insu-
lation are available. These include a decorative sheet metal facing and other higher end
nishes for use on passenger vessels. In naval vessels it is more likely that a nish over
the insulation would be a foil or breglass. It is unknown if this surface will be painted or
re-coated during the in-service period, so it may be useful in future work to expand to look
at the speci c con gurations used on speci ¢ RCN vessels, and include the impact of the
renewal of the surface nish on initial re characteristics, particularly if a paint coating is
applied and accumulates over time.

2.7 Marine re ghting standard procedures

To close out the background for the present research, it is important to understand some
of the fundamentals of re detection and re ghting in the marine environment. Fire
detection provides insight into the re growth and re response timelines, while general
understanding of re ghting operations is key to determination of the impact of insulation
of tactical decision making. Therefore these will form the subject of this section.

The procedures below were taken from several sources, but are largely based on what
is described in two publicly available publications. On occasion, the procedures from the
RCN are referenced, but only in general terms to allow open publication of the thesis.
Speci c responses to battle damage would depend largely on the con guration of a specic
warship, equipment available and other factors that may be relevant to determining the
appropriate tactical decisions. These are not all addressed here, but would form a normal
part of the preplanning for di erent scenarios within the RCN in any case, so are outside
the present scope.
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2.7.1 Fire detection and alarm

The e ectiveness of the re detection and alarm system on board vessels is a critical
component of the overall re response, particularly as crew sizes are reduced, leading to
more compartments primarily being monitored remotely. If the re is detected quickly,

it is more likely to be able to quickly extinguished by personnel using extinguishers and
minimizing the overall damage, while maximizing the safe evacuation time for personnel
in the vicinity. Conversely, a delayed detection will reduce the safe evacuation time, allow
additional time for re growth and result in more damage before the initial response, and
that suppression using portable extinguishers may not be e ective, requiring more intrusive
methods such as an overhead sprinkler, or manual application of water by an attack team.

The examination of the results includes a time sensitive analysis that breaks down the
temperature plot into appropriate intervals for the two-tiered RCN response, and includes
an estimate of the detection time to account for the possibility of some re growth prior to
detection. This estimate of the detection time is based on the assumption that the system
is fully compliant with the relevant standard. Therefore a brief explanation of which
standards apply to ships and how the monitoring system is included below for context.

The requirements for re detection systems come from standards such as SOLAS or
NATO's ANEP 77. Broadly these dictate the number and location of re and smoke
detectors throughout the vessel that are centrally monitored at an alarm panel, typically
with a second panel at a separate location for redundancy. Normally the alarm panel is
actively monitored by trained personnel, and will include the ability to control ventilation
to prevent the spread of smoke, remote control of some tted re suppression systems, as
well as the ability to monitor for ooding.

Additional re detection systems may be installed in higher risk locations, such as
in the vicinity of propulsion engines or electrical generators. Some modern technological
innovations include image processing of digital video feeds to monitor for signs of smoke
or re, as well as increased re hazards such as a high pressure fuel spray. These systems
supplement the basic system but are all intended to allow for quick detection, and thus
initial response, to any re.

Finally, ships are normally crewed and operated 24 hours a day so there is a procedure
for reporting when a crew member encounters a re. This can include a report via radio
or using the ship's internal phone system. For the RCN this will include yelling out 'Fire,
Fire, Fire' loudly to alert anyone else in the vicinity to help with the response.

In all cases, once the re is detected, this will raise a general alarm. For the RCN,
this will include an announcement by the personnel monitoring the alarm panel over the
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ship's internal announcement system (referred to as a 'pipe’) that includes con rmation
that the emergency is a re (versus a ood or other emergency), the location of the re
alarm on the ship, directions for personnel to respond, and instructions for supernumerary
personnel (which is repeated twice). [7] This quickly alerts the entire crew and any other
personnel onboard (such as trades people conducting repairs) to the danger, what to do
and where the safe locations are. So in addition to directing the correct personnel where
to respond, it also directs other personnel in terms of what areas of the vessel need to be
avoided during transit to a safe location, so is a critical part of the response.

2.7.2 Initial response

Once a re is detected by sensors, this will activate an automatic sequence to shut down
all ventilation. This will include remotely shutting down fans as well as closing ventila-
tion dampers and other openings to prevent smoke migration throughout the ship. This
automatic sequence can also be manually triggered if required.

In the RCN, the initial response is done by the Rapid Response Team (RRT). The com-
position will vary depending on whether the ship is alongside during working hours, during
after-hours, or while at sea, but will be a small team of trained personnel with dedicated
roles. Additionally, it will include any trained personnel that are in the immediate vicinity
of the alarm, as well as any personnel that discover signs of re prior to the general alarm.
The team will normally vary between approximately 3 and 6 personnel depending on the
context. Response time depends on the location on the ship, but would typically be within
2-4 minutes of the alarm, and may be quicker. In comparison to what is outlined in [10]
and [11], this is a much more robust response than the typical civilian vessel procedure,
which focuses on evacuation of personnel to safety.

The typical member of the RRT will only have the standard RCN uniform as part of
their personal protective equipment. This uniform contains a layer of re resistant Nomex
material to provide some basic protection to personnel. Di erent types of re extinguishers
are located throughout the ship, and each member of the RRT is expected to bring one
to the location of the re alarm. The majority of extinguishers are either Carbon Dioxide
or water types, but more specialized extinguishers (such as dry chemical types) will be
located in the vicinity if there is a speci c re risk to address.

The RRT has several immediate priorities which include;

" Performing rst aid on the re using extinguishers (if safe to do so) or activating
tted systems (if available);
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" Searching the watertight compartment and evacuating any personnel found to a safe
area; and

"~ Closing any doors, hatches and other openings to the compartment to prevent further
spread of smoke, and limit the supply of fresh air.

All members of the RRT will have individual training on how to safely enter a com-
partment and use an extinguisher for rst aid to try and put out a re. Additionally each
member of the ship's company completes a detailed on-the-job training package specic
to the vessel that requires them to know the ship's layout, the location of all portable
re ghting and other emergency equipment, and how to manually activate the various
tted systems onboard. Regular team training is also conducted to ensure that the RRT
can properly work together and understand the roles of others well enough to stand in as
necessary. So the general concept of the RRT is to put out the re before it grows further
if possible, evacuate anyone in the area, and limit the re and smoke to the compartment
of origin by closing all openings. Because of the signi cant amount of individual training
as well as team training involved, this represents a large time investment.

While at sea, only a limited number of doors and hatches are allowed to be open, with a
focus on doors and hatches below the waterline staying closed to prevent progressive ood-
ing. Because of the increased level of compartmentalization on a warship compared to a
standard civilian vessel, closing all the doors and hatches can make it signi cantly more
time consuming to transit the ship. So normally speci ¢ doors and hatches along high traf-
c areas remain open on warships while maintaining some basic compartmentalization, and
are only all closed during high threat scenarios. This ensures su cient safeguards against
ooding and similar considerations without signi cantly impacting movement throughout
the ship. This balance allows a quicker response to any emergency alarms, but still main-
tains su cient compartmentalization to prevent a wide spread of smoke throughout the
ship before the compartment with the re can be fully isolated.

Alongside the restrictions are loosened as the general risk is decreased signi cantly.
Some doors, hatches and special access panels are potentially being removed or unable
to be closed due to ongoing maintenance requiring temporary trunking, wiring or similar
interference items across the opening, so the opportunity for compartmentalization may
be compromised. Depending on the re location, the RRT may not have to open a door
or hatch to enter the compartment where the re is located.

In all situations, the RRT will use the procedure described below to ensure that a
closed door/hatch is safe to open. Since very few watertight doors and no hatches onboard
current RCN ships include a window, there is no way to view the interior of a compartment.
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Instead, visual indications such as burnt paint or smoke, along with smells and sounds of
smoke and re may be the only observable signs of an internal re showing outside the
compartment of origin. Thus, using key indicators from the surrounding environment is a
critical aspect and important safety factor for personnel during the response.

Both the RCN instructions, as well as the civilian re ghting references, provide in-
structions to follow when opening a door or hatch where there is potentially a re on the
other side. Some of the possible signs to look for are listed as discolouration or scorching
of paint around the opening or on the door or hatch itself, as well as bubbling, smoking
or other surface e ects due to heat transfer through the structural steel. For the RRT, in-
structions indicate checking the door temperature before making the entry decision which
includes looking for any of the visual signs described above. If there are no obvious visual
signs, the standard procedure is to then verify the door temperature using the back of
the hand, starting at a point near the top, where it is anticipated that door will be the
hottest, and moving down towards the bottom of the door. Because there is no access to
equipment such as a thermal imaging camera during this initial response, this has proven
to be an e ective way to verify conditions on the opposite side of a steel door in the current
context, where there is no insulation on internal doors.

For a guideline, ASTM C1055 further provides an outline of how surface temperatures
can be measured by touch, with the data based on previous experimental results on the
subject. It suggests a surface temperature between 32°G4vould be warm, 40-42C would
be hot, and approximately 44°C would be the threshold temperature for pain. [5]

If there are indications the door is hot, it is assumed to be unsafe for the RRT to advance
further without rst donning proper bunker gear (or turnout gear) (i.e. the protective
re ghter ensemble). If a tted system is available, they will take the hot door as a
con rmation of the presence of a re and activate it, and then divide up to complete
various tasks related to a full re response. At this point, some crew members will stay on
location to begin setting up re hoses from the nearest station.

If the door is cold, or if it is only warm, there is a procedure for the RRT members to
open the door under control, verify it is safe to enter, and then proceed to investigate the
watertight compartment to perform rst aid on the re. This will include attempting to
put the re out with available extinguishers if it is safe to do so. This procedure includes a
quick initial check with the door only partially open under control, so if the compartment
is in an underventilated re condition the door should be in a position that it can be safely
closed before any rapid re growth can result from the introduction of fresh air.

In practice, the RRT typically responds with a sense of urgency, and from the author's
personal experience, proper door procedure is not always followed when there are no ob-
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vious signs of re before opening. After nding the door is cold, it is not unusual for the
door to be opened directly and personnel to advance rapidly into the compartment. In
terms of both assessment of a re situation per the above and the urgency of response, the
surface temperature pro le on the unexposed side of an insulated bulkhead is of signi cant
interest, with a time interval from 0-5 minutes after ignition of a re being relevant for
observations necessary for decision making during initial response. Further, due to the
current use of indicators such as discolouration and bubbling of paint on the surface of a
door, it is of interest to investigate the response of paint to the temperature levels that are
expected to be encountered with re insulation installed on the bulkhead.

2.7.3 Fire ghting Attack Team entry procedures

The second stage of re ghting is done by a team tted out in protective equipment,
which will include full bunker gear, a self contained breathing apparatus, and a variety of
tools. For the RCN team, this will include a ruggedized thermal imaging camera (TIC).
This is a common piece of equipment in many land based and marine re ghting teams
that is very useful in low visibility situations to locate the re as well as nd casualties.
Technical standards such as NFPA 1801 are available for the performance requirements
of the TICs. This standard indicates that the cameras shall include features such as an
easy to read interface, large buttons that can be operated with gloves on, and lists shock
and other durability requirements, as well as ensuring a camera can e ectively operate
within the typical temperature ranges experienced by re service personnel [24]. Due to
the prevalence and use of these cameras in the RCN, it was decided to employ them in the
present research, and is discussed in further detail in the Experimental Setup section, as
well as in the analysis of the results.

For the RCN re ghting attack team, the TIC is used to image the surface temper-
ature of the entire door via the readout prior to opening a door or hatch. The output
includes a heat colour reference bar and upper and lower detected temperatures. The scale
automatically adjusts to compensate for the detected temperatures. This gives more de-
tailed feedback to the attack team, than was determined by the RRT, about the surface
temperature and any warm or hot spots on the door. In addition to using a TIC, references
suggest a variety of other methods that could be used to check the surface temperature,
including installation of thermocouples or pyrometers, marking the surface with welder
crayons that change colour at speci c temperatures, or spraying a short burst of water on
the bulkhead and taking note of how rapidly the water evaporates[11]. To date, however,
none of these have been adopted for use during re ghting operations on RCN vessels.
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The Attack Team will typically consist of 4 personnel; a nozzle handler, the Attack
Team Leader (ATL), a backup, and a hydrant person. The nozzle handler and ATL will
advance together, with the ATL having overall control of the team, and instructing the
nozzle handler on the water application, and using the TIC to assess the re conditions.
The backup provides assistance with the hose handling and is available for an immediate
replacement for the nozzle handler. The hydrant person ensures that both water and
foam continues to be available and is responsible for tting the smoke curtain over the
door/hatch once the attack team has entered the re compartment.

Figure 2.4 depicts the basic route for the attack team into the re compartment (called
the primary zone) from the staging area (located in the secondary zone). As discussed
further in the next subsection, manual boundary cooling is used in the compartment above
the re as well as the adjacent compartments (and potentially below the re) to prevent
spread from the thermal transfer through the uninsulated steel structure. To prevent smoke
spread from the secondary zone to the remainder of the ship, all doors and hatches within
the secondary zone are also closed.

Under the current tactics, prior to opening the door, the re hose can be used to cool
the surface of the door and bulkhead, with the TIC being used to direct and monitor
the e ectiveness of water application. Once the decision is made to open the door (or
hatch), this can be done under control with the door partially opened and the TIC used
to assess the interior compartment conditions. This allows the attack team to assess the
re compartment conditions, and if it is too hot, apply cooling water, close the door to
allow the water to absorb heat, and reopen to reassess. This can be repeated until the
attack team decides it is safe to enter the compartment, at which point the door will be
fully opened and the attack team will take the hose into the compartment.

Once the attack team fully enters the re compartment (or primary zone), and the
hose is across the door/hatch, a portable re curtain is clipped over the open door or hatch
coaming to minimize the amount of smoke that will ow into the secondary zone, as well
as to limit the amount of fresh air ow into the primary compartment. By limiting access
to the primary zone to a single entrance, this minimizes the spread of smoke throughout
the ship.
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Figure 2.4: Simplied diagram showing basic RCN Attack team route, and boundary
cooling locations to prevent spread of re. Safe egress route is maintained from the primary
zone back into the secondary zone for evacuation and casualty extraction.

As can be seen through the above discussion, although current uninsulated steel divi-
sions allow free heat transfer between watertight compartments, they also allow the attack
team to assess the re conditions and obtain a degree of situational awareness prior to
breaching into a re compartment. With the inclusion of re insulation, direct thermal
feedback to the team through the steel structure is expected to be lost. On the ip side,
it is anticipated that the addition of insulation will provide greater overall safety on the
vessel by providing a passive measure to prevent the heat from the re from spreading into
adjacent compartments. In either case, as long as the attack team can open and maintain
a route in the re compartment back to the entry point, and control the heat/smoke at
the entry point, they should be able maintain a safe escape route that can also be used
for casualty extraction, which, as shown in Figure 2.4, will be back along the attack team
hose into the secondary zone.

In new vessels, a cold door and bulkhead surface may no longer be indicative of a safe
condition on the opposite side of the entry point however, depending on the level of re
insulation installed. The bulkhead or door will now be 'thermally thick', and there may
be a signi cant thermal gradient across an insulated wall. In addition, there may well be
a time lag between exposure to re temperatures on one side and signs of heating of the
wall on the unexposed side. Given that the unexposed surface temperature can no longer
be used to gauge the conditions at the entry or on the interior of the compartment, this
change needs to be carefully considered when making tactical decisions and introducing
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them into current marine re ghter training.

2.7.4 Fire Boundary procedures

One key re ghting tactic that has evolved due to current vessel designs where there
is no re insulation on the bulkheads is known as boundary cooling [10]. Typically, this
consists of personnel using a re hose to cool the hot surfaces of the doors or bulkheads and
preventing the re and heat from spreading to adjacent compartments through the steel
compartment boundaries. This concept is illustrated in Figure 2.5, which shows a sample
compartment layout as well as how the vessel compartmentalization may complicate re
containment.

For external portions of the re compartment (such as the ship's hull) which is water-
tight, use of water for boundary cooling is not a concern and can be provided by a re
tug, personnel using a re hose or other possible sources of water. For internal bound-
ary cooling operations, water will accumulate inside the vessel. This can create stability
issues. Therefore during re ghting operations the vessel is continuously monitored for
symptoms indicating a loss of stability (such as the ship is leaning to one side, known as
a 'list'). Personnel are trained to use the minimum water necessary for boundary cooling,
but if necessary, boundary cooling and other re ghting water usage may need to pause to
conduct de-watering operations or otherwise improve vessel stability and prevent the ship
from capsizing [10].

For deployment of boundaries, the area directly above the re is normally the highest
priority due to direct ame impingement, the presence of the hot smoke layer at the
ceiling and thus the high heat transfer that takes place through the ceiling above the re.
This is followed by cooling of adjacent compartments, and nally cooling the areas below
the re. The extent of cooling may be limited in practical terms by a limit on available
personnel/equipment, access routes to the boundaries and other factors. Additionally, high
hazards in adjacent compartments may change the prioritization of activities, so in the end
boundary cooling is highly dependent on the re scenario. As such, it is typically part of
the pre-planning but remains adaptable to t a specic context. In the end the decision
also relies on information about the temperatures of the surfaces adjacent to the re,
again underlining the importance of understanding potential changes due to the present of
insulation on any of the surfaces.

In cases where the re is too big for an attack team to enter the compartment and a
tted system is unavailable or ine ective for example, limiting the re ghting e orts to
boundary cooling on all sides of the re compartment may be chosen as the method by
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which to contain the re to the compartment of origin. By closing all openings to prevent
in ows of fresh air, and cooling the boundaries, the re will eventually extinguish. Because
of the potential for extensive damage within the compartment, this is not the preferred

method, but can be e ective in maintaining control of a re and preventing further damage
to a ship.

In addition to using boundary cooling to prevent the spread of heat, the personnel at
the boundaries are also responsible for monitoring the spread of smoke within the vessel.
Smoke may spread due to several reasons, which may include automatic dampers that fail
to close, or possibly openings to the compartment that were not reachable, and thus were
left open by the rapid response team during the initial response.

Figure 2.5: Diagram demonstrating possible boundary cooling team deployment
locations[11]

In addition to the water application depicted in Figure 2.5 is an air ow. It should be
noted that this gure formed part of a larger example used to explain venting techniques for
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land based re ghters responding to a ship re while in harbour. The natural convection
exhaust in this example is highly situation dependent and not typically used by the RCN
nor incorporated into current tactics so is not considered further here.

Instead, the warm zone depicted in the gure (referred to as the "secondary zone" in
[7]) is closed down and maintained as an air tight boundary to limit the spread of smoke
outside the re compartment. A heat resistant fabric curtain with a centre seam is clamped
across the perimeter of the entry point into the re compartment to limit the spread of
smoke and heat through the entry point to this secondary, warm, zone. This procedure
means that while the re compartment may be fully exposed to smoke, the spread to the
secondary zone is very limited.

In summary then, it is unknown how the addition of re insulation may impact re
boundary procedures. Further, it is not clear if applying cooling water to the insulation will
impact it's e ectiveness as a thermal barrier. Because the re insulation is normally only
installed on one side of the division to create a thermal break, it is also not known if the
location of the insulation relative to the re impacts the ability of the crew to make initial
decisions or subsequently, impacts the application of cooling water, or potential generation
of smoke from what is usually a painted steel structure.

2.7.5 Fire Overhaul procedures

Once the re is detected, there are two stages until the re scenario is fully resolved. The
rst stage is the immediate actions taken to extinguish the re at the source, described
above. The second stage is known as overhauling the re, and involves cooling down
any hot spots to prevent the from re re- ashing. Because of the potential for the re to
continue to smolder, this can be an extensive and time consuming process that may involve
multiple teams being cycled through.

Overhaul typically involves moving materials out of the way to be able to apply water
to any smoldering fuels, verify that there are no res burning in voids or trunking, and
otherwise cooling down any residual hot spots. This tends to be complicated by the density
of equipment tted in the compartments on warships. Nonetheless, once the overhaul is
completed and the initial smoke cleared out of the space, ventilation with fresh air will
continue until a tenable atmosphere can be restored and veri ed (known as 'Gas Free’).
Once this is achieved, personnel involved in the re and damage investigation and related
repair activities are no longer required to use a self contained breathing apparatus (SCBA)
but, depending on the operation underway, may still require other PPE such as coveralls
or ltration masks. At present, it is unknown how the addition of re insulation may
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impact re overhaul procedures. For instance, because re insulation will normally only
be installed on one side of a division to create the thermal break, it is not clear how the
location of the insulation relative to the re might further impact re overhaul procedures.
Further, it is possible that re insulation may need to be removed to complete the overhaul
process in which case, the combined thermal, decomposition and water retention pro les
of the exposed insulation become important to re response decisions as well.

The addition of re insulation is a signi cant improvement in re protection on board
vessels. At the same time, it changes the thermal characteristics and subsequent character-
istics of the re compartment boundaries. This has implications in terms of conditions and
heat transfer in vessel compartments. It also impacts the overall context for the current
set of marine re ghting tactics and procedures. At present, however, there is no data
available to judge how the temperatures may change, or the implication of any changes on
visible heat indicators on the bulkhead and compartment boundaries, on potential changes
in production of o -gases from bulkhead paint, or other important processes particularly
in more realistic, less severe res than those used in certi cation testing. Therefore, this
research is tailored to better quantify and understand the broad implications of thermal
di erences between bulkheads with and without re insulation. By using a representative,
well instrumented test bulkhead that includes some structural features representative of a
bulkhead on a naval vessel, with controlled re exposures, it is aimed to better evaluate
how re scenarios and current marine re ghting tactics may be a ected by the use of
insulation required under the new SOLAS regulations. This was complemented with a
series of bench scale tests aimed speci cally toward looking at the interactions between the
insulation and painted surfaces on the steel bulkhead under exposure to heat. Details of
the experimental set-up, methods test res and instrumentation are outlined in Chapter
3, followed by results of both sets of tests and their implications on naval re ghting
operations in Chapter 4. Finally, Chapter 5 contains concluding statements and avenues
for future work arising from this thesis.
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Chapter 3

Methodology and Experimental
Design
3.1 Overview of experiment design

Experiments in this research were designed to improve understanding of the wall temper-
ature pro les on the unexposed side of an insulated steel wall and their impact on re
ghting decision making over the course of a realistic re scenario. Large scale compart-
ment tests, combined with small scale bench tests, were designed to mimic typical thermal
exposures on a compartment bulkhead during a realistic re scenario. An overview of the
experimental approach is outlined in this section, with additional details of each part of
the experiment discussed in subsequent sections of this Chapter.

The design of the Navy bulkhead test specimen used in the large scale tests includes
several features that simulate common structural features of the bulkheads on RCN ships
such as a pipe penetration and a simulated door mounting arrangement, in addition to
being constructed with standard structural sti eners and plate thickness as required to
comply with IMO testing protocol. The test specimen is mounted in the existing wall
re test unit at the University of Waterloo re research laboratory. The test unit is a
modi ed sea container, subdivided to include an instrumentation area, a re compartment,

a mounting frame with standardized connecting points, and a rear compartment that allows
the unexposed side of the test specimen to be monitored.

The existing thermocouple arrangement in the wall re testing unit could be used, with
some additional sensors added to monitor the conditions at speci c points of interest on
the test specimen developed for this research. Characterization res from previous research
and other lessons learned around the ventilation conditions in the wall test unit location
were used to select an appropriate fuel load and con guration for the research objectives.

Along with the video data, instrumentation in the wall test unit provided continuous
monitoring of both the re compartment and unexposed wall temperatures, which provided
a baseline to analyze the potential impact to normal RCN re ghting tactics and decision
making processes at di erent time periods during the re event. The re insulation has
already proven to be an e ective thermal barrier in terms of the PASS/FAIL tempera-
ture criteria assessed through IMO testing. This research however, provides time resolved
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temperature data from the start of the test through to end of the test, with su cient
granularity to help make informed assessments of the existing re response tactics, with
quantitative data to support changes to those tactics, RCN re response decision making
processes, and for use in the training that underpins both items.

A Thermal Imaging Camera (TIC) is used to capture Infrared images of the unexposed
side of the test specimen at set intervals to provide an overall view of the temperature
pro le across the entire wall section during each experiment. In addition to supplementing
the temperature data from the thermocouples, these images mimicked the infrared images
that would be seen on the display of a hand-held TIC that is part of the standard re
ghting equipment used in the RCN. Thus, they are useful for explaining the results and
also for training of RCN personnel. Further, they provide additional bene t to the exper-
imental setup by identifying gaps in the insulation or other unintended shortcomings in
the installation and mounting arrangement, thus improving the experimental con guration
and results in subsequent tests.

Due to the lack of baseline data on the performance of re insulation with painted sur-
faces, uncertainty around the impact of paint on the re scenario, and general practical con-
siderations around applying/renewing the paint coating between successive experiments,
it is decided not to apply IMO FTP compliant paint on the test wall in this research. A
high temperature paint is used on the exposed side to provide a uniform surface emissivity
and protect the steel from corrosion, but as this is rated for temperatures exceeding the
re conditions, this did not contribute to the re.

In lieu of applying paint to the test wall, a series of small scale bench tests that mimic
the re scenario exposure were conducted to determine how a painted steel structure might
behave under heating, and to what extent smoke may be generated. The experiments
include con gurations where the insulation is on both the exposed and unexposed side
of the painted steel sample. The e ects of paint accumulation on both the heat release
rate and the smoke generation were studied. These results are intended to provide some
preliminary data and verify an experimental procedure that could be used for future studies.
Results pointed to areas for more work via both a more detailed bench scale investigation
into potential impacts of bulkhead paint accumulation under exposure to radiant heat,
and for potentially scaling up the experiments to include medium or large scale testing of
painted and insulated wall test specimens under real re exposure scenarios.

Finally, neither HVAC trunking or electrical cabling penetrations commonly found on
ships were included in the design of the test specimen. For the HVAC trunking, this is a
practical consideration due to the size of the test specimen. For the electrical cabling, the
penetration includes a specialized water and smoke tight cable transit block, and also would
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introduce additional uncertainty and be a source of smoke generation on the unexposed
side of the bulkhead due to the cable insulation, so is excluded from the test specimen
design in order that a baseline data set could be developed. Both items are potential areas
for additional work, but were outside the scope of the present investigation.

3.2 University of Waterloo wall re test unit descrip-
tion

The wall test unit at the University of Waterloo consists of a modi ed 6.1m (20 ft) long
ISO shipping container, which is originally developed for the PhD work by DiDomizio and
is described in detail in his thesis [8]. A summary of key details related in the present
research is outlined here. The wall test unit is based on the ISO 9705 Room Corner
Test con guration, which speci es a compartment measuring 3.6m long, 2.4m wide and
2.4m tall [17]. As such, the test unit is built in a standard sea container which is 6.1 m
long, 2.4 m wide, and 2.4 m tall, and then modi ed by a local provider based on custom
design drawings. First, the container is divided into three sections; a re compartment,
a transition compartment, and an instrumentation section. Separations were achieved by
welding 10 gauge sheet steel (3.57 mm) and 3/16 in (4.8 mm) structural steel tube to the
interior of the container [8].

A section view of the wall re test unit is shown in Figure 3.1, with the remainder of
the construction drawings available in Appendix A.

A custom "wall frame" is welded in place to provide an integrated method for mounting
a test specimen, separating the re compartment from the transition compartment. This
wall frame, shown in Figure 3.2, has an opening 75.5 inches wide by 75.5 inches tall by 12
inches deep (1917 mm x 1917 mm x 300 mm). Pre-drilled holes evenly spaced around the
perimeter provide standardized attachment points to allow easy mounting of specimen walls
for testing, and attachment points for instrumentation. This setup has been used for re
testing of a variety of wall con gurations, including standard residential wall con gurations
using both wood and metal framing with drywall and insulation, and is su ciently exible
to be easily adapted to other test specimens and experimental parameters.
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Figure 3.1: Wall test unit side view [8]
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In order to provide thermal insulation and to protect the oor, 2.5 inch (63.5 mm)
re bricks were used to line the bottom of the container. In order to protect the re
compartment walls and ceilings, panels made from 1/2 inch (12.7 mm) cement board and
1 inch FibreFrax Durablanket S® refractory ceramic blanket were installed. Panels were
assembled using machine screws (8-32 UNC, 2 in (50.8 mm) length), nuts (8-32 UNC, 5/16
in (7.9 mm) drive), and fender washers (3/16 in (4.8 mm) inner diameter, 1 1/8 in (28.6
mm) outer diameter). After assembly the screws extended approximately 1/2 inch (12.7
mm) behind the cement board which created an additional air gap to protect the steel
container. Figure 3.3 shows both a front and side view of the panel with Fiberfrax and
cement board backing. [8]

Figure 3.3: Insulated panel [8]

For the ceiling installation, 1 5/8 inch (41.3 mm) Unistrut channel is mounted at 24
inch (600 mm) intervals with the panels placed on top. The wall panels were then friction
t behind the ceiling panels, with smaller panels installed on the face of the wall frame.
This protects the apparatus and is su ciently robust to allow for multiple experiments to
be performed without requiring the panels to be replaced, while greatly reducing the e ect
of variations in ambient weather conditions by limiting loss of heat at the boundaries. [8]
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Figure 3.4 shows the interior of the fully insulated compartment with a wall test section
mounted at the far end. The nal internal dimensions of the re compartment are 138 in
(351 cm) long, 90 in (229 cm) wide, and 90 in (229 cm) high. The bottom of the wall
frame is 12 in (31 cm) above the brick oor, and the top of the wall frame is 87.5 in (222
cm) above the brick oor, or 2.5 in (63.5 mm) below the ceiling. [8]

Figure 3.4: Panels shown installed in the wall test apparatus [8]

The original door to the re compartment measured 31.5 inch (800 mm) wide by 78.75
inch (2000.25 mm) tall. During the experiments by DiDomizio [8], it was found that when
used as a vent, this did not allow a suitable thermal layer to form and allowed too much
heat to escape the compartment. An additional sot was added to the top of the door
opening to reduce the overall door height to 53 inches (1346 mm). [8]
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