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Abstract

Many knowledge gaps exist in our current understanding of fire and smoke dydamics
caused in large part by a lack of data on smoke evolution in fires. Advances in computer
technology, however, now make it possible for high volumes of data to be processed at low
cost. Video processing on an imaggeimage basis is presently economicdégsible and,
consequently, visible aspects of fire and smoke evolution can be observed and measured in
detail to help gain a better understanding of fire dynamics. Better tools for assessment of the
evolution of smoke layer height are of interest to dinalysts because the predominant

method of measurement in intermediated fulkscale fire experiments is a subjective

method wherein observers visually estimate the time the smoke layer takes to reach objects
of known height in video recordings. Alterived methods for estimating smoke layer height
require expensive sensors and utilize varying levels of subjectivity. Thus, development of a
low-cost, frameby-frame, fine mesh video analysis method forms the subject of the present
research project. The meith will facilitate measurement of the evolution of smoke layer

height with time with more precision than previously possible and with limited subjectivity.
The method also allows smoke density to be measured at many locations, a significant
benefit givenhat previously smoke density could only be measured in limited locations, if at
all, due to the cost of the necessary equipment and the challenges associated with installation
of the equipment in intermediatand fullscale fire experiments.

The new methad, calledthe radiance method, is adaptation of a recently adopted
measurement technique in the air pollution field. It compares recorded radiance in light and
dark pixel analysis areas in a camera view to the original values on a continuous biaisis. In t
work, the radiance methad derived theoretically before an iteratmethoddevelopment
processs used to develop a tatep radiance approach for analysis of video records from

fire experiments.

Existing video, thermocouple and heat release data from 11 welhstrumented, fulscale
house fire experiments, fueled by five (Type&eAsofa materials, are used in conjunction

with results from 29 smabBcale tests to characterize smoke evolution in thesalle
experiments. The video dataif the 11 fullscale fire experiments are then used to develop
and refine the radiance method through four method iterations. In all cases examined, the
radiance method smoke layer descent times fall within the observer characterized times.
Conversely, th other smoke layer height estimation methods can be off by more than 155
seconds relative to the observer determined values. Relative ranking of the values of
maximum smoke density as determined by the radiance method match the characterized
smoke densityank where comparison is possible. Two additionatdadle house fire
experiments, fueled by Type F sofa materials, include revised instrumentation aimed toward
improving radiance method results and determining possible applications of the method.



Collectively, the results indicate that the radiance method can estimate smoke layer descent
time from video recordings with visible light areas to within 91 seconds of obdmsed
estimates. It may be possible to minimize these differences further viaitv#granalysis

on the choice of smoke layer threshold value. If a backlit light area and adjacent dark area are
visible in the video recording, then maximum smoke density results can be obtained using
the radiance method. In all cases, the maximum smeksity values for each fuel type

(across experiments) fall within £1% of the average value. The maximum smoke density
values are distinct between fuel types and agree with characterization rankings (where
available). Moreover, the method can be applieexisting and future colour and IR (black

and white) video recordings. The radiance method can be applied to video recordings on a
frameby-frame basis but, for this application, an averaging scheme is employed to smooth
the data for clearer results. loslon of checkerboards and cameras, with carefully selected
camera models and placement, can significantly increase the amount and precision of the
smoke evolution data that can be obtained. A caveat is that the red, green, and blue colour
streams of colauimages are influenced (to different extents) in different lighting conditions.
The availability of camera calibration data, which converts recorded pixel values to radiance
values, can impact the smoke layer descent times by up to 11 seconds and nmarivhkem
density by up to 2%.

In this work, the radiance method is used to measure smoke layer descent time and smoke
density at up to 69 different vertical locations within a compartment, from a single camera
angle, on a secoraly-second basis. The maximwmoke density was measured at up to 14
different locations down the window in the compartment from a single camera angle. The
novel radiance method developed in this thesis shows incredible promise for smoke analysis
in full-scale fire experiments. Resuttan be useful both in aggregate and for comparison
against detailed computational fire models where data on a fine mesh is needed to validate
smoke progression and associated impacts in fire and evacuation models. Use of this method
to analyze smoke evdion in more fire experiments, with different seis, scales, and
instrumentation, is recommended and would further validate the radiance method as
presented in this thesis.
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Chapter 1

| ntroducti on

The primary goals of fire safety engineering are to safeguard the public and protect property
and business against damages and loss due to fire. In order for engineers to achieve their
goals, the sciendefire safety sciencé must be well understood at@nslated into practical
engineering approaches. To accomplish this, research is required into the fundamental
behaviour of fires and this must be couplégth new tools and methods to predict that
behaviour under a wide range of possible circumstanaesk€y aspect of fire behaviour

that must be understood is smekés evolution and movement from compartment to
compartment during fires. The dynamics of smoke developimenportant for evacuation
(occupant egress) and general scientific understgrafinew fire environments, which are

both critical to advancing the field of fire safety science.

Smoke can be produced by a fire in small or large quantitiesngaimgtemperaturérom

warm to extremely hot, appeapticallyfit hi no or Aaintoworkigho and cont
concentrations of toxic gases. All these properties evolve over time in a fire scenario because
smoke evolution is intrinsically tied to tldevelopmenof the fire that created it and the

environment in which the fire occurs. Further, sipecific properties admoke impact a
personds ability to esc afresafatyahdvacaationt hus pl ay
because smoke almost always spreads further than the fire itself. Outdoors, smoke rises up
andcan travelhwayfrom the fire sarcedepending on ambient conditionghile ina
compartmensmokerisesandoften spreadsutward alonga ceiling, thereafter migrating

from room to roonor area to area within a larger indoor structure

Numerous aspects of a fire environment implaetability of a person attempting to escape.
Direct contact with the fire can result in skin burns. Altaxrey, as the temperatures in the
vicinity adjacent to a fire rise, it becomes more uncomfortable for a person trying to escape
and, beyond a certapoint, exposure to the heated smoke may burn their throat and lungs.

At the same time, occupant visibility is reduced by smoke, and this, coupled with exposure to
toxic gasescan possibly lead to disorientation and often slows down their escape. While
burns frequently cause injuries and deaths, exposure and disorientation due to smoke cause
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many more. This is why smoke has been-called
related deaths in Canafld. Given the potential for injury and death due to smoke, the study

of smoke evolutionmovement, and consequent impact on evacuation is a key element of fire
safety.

Well-designed fire experiments can provide information on specific details of fire and smoke
progression. However, fire experiments can be very costly so limited numbersdueteg

and results can usually be applied only to scenario(s) similar to those studiefitePost
investigations also provide limited information but, some critical specifics of the scenario
and potential compounding factors are inevitably unknown. Tiegetith physics, results of

fire experiments and poeéite investigative evidence form the basis of much of our current
understanding of how real fires develop over time. Fire mdftels manualcalculations to
compuationalsimulation$ are based on sppfifications of the complex underlying physics

of fire dynamics, coupled with our current situational understandimdjare crossompared

and modified based on available information. Every model, simple or complex, requires use
of physical assumptionsahlimit the fire situations for which they can be used. Similarly,
every model requires input data, which are typically critical to the outcome of the model,
although the amount and type of input required often varies by complexity of nodeny
realistic fire cases, the necessary data simply donot[@kist il t mi ght be sai d t
computer technology has allowed fire modelling to develop too rapidly, outstripping our
understanding of fire dynamics and our ability to use the models in a safe and constructive
manner. This is chiefly due to thact that insufficient experimental data are available to
enable verification of the modeid3: p.177.

Data relating temoke evolutiorduring firesareparticularly scarcelhis dearth of data is
driven by a lack of viable methods and opportunifiiescollection of information about

smoke evolution, toxicity and movement in harsh fire environméhts lack of

opportunities and methods aretl driven by the challenges of findimgstrumentatiorthat

is robust enough tevithstand the hostile fire environmenttbat is economical enough that it
canbe replaced after each experiment. In practice this means that experimentalists must
carefully select and position instrumetd maximize the amount and quality of data
gatheregdwhile simultaneously protecting thestrumens from the fire environment and visa
versa.Despite thidifficulty, it is possible to measure some components of smoke evolution
in large fire experiments. For examp@,accepted but very subjective method for
determining smoke presence is tateh the smoke develop and make notes of smoke
location at various times. The location of the smoke can also be inferred, with varying
degrees of accuracy and subjectivity, from temperature and gas sensor measuremers.
most part, howevenonsubjective, direct measurementethods for trackingmoke location
during large fireslo not exist. Likewise, a small number of instruments can indirectly
estimate smokepticalit hi cknesso with different | evels of
however, it is seldm economically feasible to install many, or often even one, of these
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instruments in a fire experiment wheheymay be damaged. Thus, there is a dire need for
lesssubjective, direct measurement methods that can provide much needed data on smoke
developnent in fires

A lack ofwell-instrumentedlarge fire experiments also limits tbpportunitiego collect
data orsmoke evolutionn fires. Historically, the costbenefitof undertaking full fire
experimentdas resulted in either a small number of lavge]-instrumented fire
experiments or a large number of smaller fire experiments with instrumerthtsan to be
most robust and therefofecusedaround a subset ¢dictors and physical variables

interest These ofterinclude temperature and videscording of the fire, though it is only in
rare instances that the data have been used to undertake detailegs arfaysoke
progression during the experimeniIs derivethe most benefit from a new method for
measurement afmoke evolutionn firesnotonly should it be designed to withstand the
harsh experimental fire environment, but it shalkbbe able to extract data from existing
experimendl dataon fires Development of such a method is the essence of the present
research.

Video recordings arigleal data sourcdsy which to studysmoke evolutionn fires. There are
three main reasons for thigsirst, smoke (or more precisely the particulate matter within
smoke) is visible and, therefore, smoke loca#isra function of timean be directly
measiredfrom video recordings. Second, a large pobVideo dataexistssincevideois

often recorded at numerous locatiahsingfire experiments tgualitativelyinform
understanding of fire and smoke evolutibrstead hermocouplesand thugemperaturs,

have been used more widétyinfer smoke locatiomn largerscale fire experimentéeaving

the corresponding video recording untapped for this purpester,in t oday dés secur |
conscious world, additional sources of video recordings frora @irdireinvestigationgnay
existwhich, if analyzedcould further expand the existing data pool. Finally, video analysis
is now a financially viable option due technological advancemerdad everdecreasing
costs for highevideoresolution systemand processing poweWhat is needed to capitalize
on this wealth oinformation therefore, is development of consistent analysis protocols to
deconvolute the key chateristics of smoke development from existing, and future, video
records of fires. While currently feasible, a suite of waglsigned smoke analysis methods
has a promisingfuture sinceas video technology continues to advance, the msthod
information obtainedwill necessariljpecome more precise.

Accordingly, the main objective of thissearchs to develop aoptical measurement
method forinvestigating timevaryingsmoke evolution, smoke layer height and smoke
density, from video recordirsgof fires. The methots designed to minimizeubjectivityby
the analysandshould be appropriate for application to video recordings amde variety
of past, present, and future fire scenarios.



The presentesearchs motivated by a desire to improve fialsafety.In this regard, a
method that meetsehaboveobjectives could potentially generate largeantitiesof sorely
neededlata orsmoke evolutiorduring a range of different fire scenari®esults willlead to
improved insight intdire and smokevolution and consequently result in modification and
advancement aéxistingmodelsfor these complex processés combination, he deeper
understandingnd better toolsight, in turn, drive improvements to building design for fire
safety, fire safety protocols, and public awareness of the dangers of fire and smoke.

To accomplish the objective, this thesis is divided into five chapters. Background information
and the lierature review are in Chapter 2 which begiith detailing the complex

interactions between fire and smokeaa®ntext for the remainder of this work. Existing

smoke layer height and smoke density estimation methods are evaluated to determine gaps
and weakness that provide basis for the proposed new smoke evolution method. Chapter 3
outlines the methods used in this work. Extant smoke layer height and density methods were
initially used to characterize these properties using data collected-scéld louse fire
experiments. The proposed radiance metkdben derived from theory. The five iterations
required to refine the radiance methamhcludethe chapter. The results from these methods
are presented and discussed in Chapter 4. Finally, conclasidnecommendations

regarding the proposed radiance method comprise Chapter 5.



Chapter 2

Background

Smoke evolution is the focus of this wofimokeis inexorably tied to fire, often in a

complex manner. For this reason, a review of the basics of fire and fire dynamics is presented
first. Once the basic interactions between fire and smoke evolutievedrenderstood,

focus shifts to discussing hownske layer height and density have been measured in the

past including he advantages and disadvantages of the various measurement metkods
genesis of the method proposed in this thesmspletes this chapter

2.1 Fire and Smoke Dynamics

AccordingtotheNat i on al Fire Protection Associati on,
which is a chemical reaction resulting in the evolution of light and heat in varying

i nt e n Bjb]t Threescomponents are required for the chemical reattiabarefire (or

combustion) to take place: fuel, oxidizer and {éhtThe three components share a complex
relationship Changing any one component can influence the other two and is likely to

influence the behaviour of the fire and, consequently, sritoke that fire

The comparatively simple example of a fireplace or campdugg, Figure2.1) can

demonstrate all of these interactions. In this example, wood is the typical fuel and the

oxidizer is oxygen (about 2194]) in air. The final component required for the chemical

reactiors to take place is heat that is often provided in the form of aglightatch or

something similar. Since the fuel (wood) is a solid, it must first be heated to the point of

vapourization to produce the vapour which is the component that ignites when mixed with air

and sufficiently heated. A fire ignites if the chemicalators areinitiated and continue to

burn if the chemical reactisrcan be sustaindd]. Thus, establishing a fire depends on the

heat source to provide heat long enough that the chemical ressartgamitiated (ignition)

and the fuel vapourizes and mixes with oxidizer fast enough to reach a burning rate that in

turn pioduces enough heat to sustain its own chemical reactiothe case of a wood

burning fire, a match or lighter is not usually large enough to directly start the chemical

reactiors. A different fuel(or fuel9, with a lower heat requiremens,used to iitiate ignition

of the wood log$3]. For example, paper can igmited by a small heat source such that the

burning paper in turn ignites kindling (small, dry twigs and branches) that, if they burn long

enough and hot enough, can then ignite the logs. The paper is typically crumpled partially for
5



ventilation (oxygen gpply) purposeshough many may not realize A stack of paper

would not be used because it is less likely to ignite, and continue to burn as readily, in part
becauseénsufficientair caningressto sustain the chemical react®ifhe crumpled paper, on
the other hand, allows air to readily reach the burning area. Of course, this is once again
simplified because the crumpled paper also focuses the heat source thereby heating a
localized area consistently (and potentially igniting kindling in that aeghgr than

spreading out the heat as a flat piece of paper would.

Smoke Plume

Intermittent Flames

Continuous Flames

4

Figure2l: A fAsi mpled campfire

To dig further into the example, the wood (fuel) will also have an impact on the fire because

soft or harddry or wet wood in small or large logs will ignite more or less readily and burn

for shorter or longer durationsespectivel)fj3]. A -pfeteede or @Al og cabino or
willo Ilog configuration will change the air f
(Wood cribs, si mi liguratioh, are dftétneisedih foegexperianbnisanl ¢ o n f
are well studied3].) Throw some wet leaves or needles (potential fuel) on the fire before the

logs ignite and the fire may be smothered since the leaves cover the area, cutting off the

necessary oxygen supply, and the water in the leaves or needles acts as a.heat sink

Alternaively, throw some dry leaves or needles on the fire after the logs are burning and they

might ignite instantly and create large particulate matter thasfloébe air.

Although few likely consider it, many aspects that are inherent in a campfire are generally

well known because the scenario has been so common that the knowledge has grown and

been passed down between generati eows. However
campfire turns into a complex example of fire dynamics (the study of fire behaviour

incorporating the engineering disciplines of heat transfer and fluid dynamics and the science
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disciplines of chemistry and physii&). This simple scenario is already so complex that it
would be very difficult to model the interamhs between fuel, oxidizer, and heat because
every factor plays a role(, it would be almost impossible to create a detailed model of the
campfire inFigure2.1).

If there is no wind, once a fire ignites on a horizontal surface it can be divided into three

sections from the base of the fire: continuous flame, intermittent flame, and smokg4jlume

As the names imply, the continuous and intermittent flames are the part of the fire where the
flames are continuously or intermittenflyesent, respective[y]. These sections are denoted

in Figure21f or t he Asi mpleo example of a campfire

Smoke begins to be visible in the intermittent flames (gréyganre2.1) and rises forming a
smoke plumég3]. Smoke from a campfire or fireplace is visually identifiable because of its
dark colour. The smoke can be a Athind | ight
and it sometimes appears lighter at night when it reflectsriiédht. Technically, smoke is
def i ne dirbarge sdlid anceliquid particulates and gases evoldezh a material
undergoes pyrolysis or combustidogether with the quantity of air that is entrained or
otherwise mixed into the mas$3i 5]. The airborne particulates are the visual part of the
smoke; the larger particulates such as floating burnt or glowing ash aswsfrended

smaller particulategive air the appearance of being grégrtain fuels €.g, leaves and
needles) are more preno producing large particulatehen they burnSmoke is

intrinsically tied to the fire that createdaihd therefore changes that affect the fire also

affect the smoke. For example, if a fire is under ventilated then the fuel vapour may not be
completly oxidizedandit may contribute to the generation of small particulate matter that is
visible in smoke. That is, less ventilatioften results inmore particulate mattemdsoot.

This incomplete combustion results in the formation of gases suchbas ¢caonoxide,

which are invisible and typically toxic to humans. The particulate matter and hot fire gases
cause burning sensation in the eyes and can make it difficult to breathe often leading to
people sitting ugvind of thesmoke and moving if the windirection shifts.

Many materials, including wood, undergo incomplete combugtioducingcarbon

monoxide (gasandcarbon (solid.e., particulate mattesindsoot) as byproducts of the

chemical reactiosin addition to the complete combustion produdte/ater vapour (gas),

carbon dioxide (gashight (energy) and heat (energy® high enough concentrations, these
by-products can be dangerous and even deadly to humans. Thus, fuel, ventilation, and heat
all play a crucial role in a fire, the smoke it guzes, and ultimately the safety of humans.

In a fire, the smoke is initially hotter than the surrounding air so buoyancy forces the smoke
to rise[3]. As shown irFigure2.1, the smoke plume is typically conical in shape because it
gets wider as more air is entrained while it rigdsIn thiscase, external air flows such as

wind or building ventilation are neglected but could add yet another complexity to smoke
movement in fire§3]. The air that is entrained is cooler than the initial smoke, thereby
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cooling the smoke and reducing the buoyancy fgdje The buoyancy force idso reduced

due to convection to the adjacent cooler air or conduction to adjacent[4plifslids,

liquids, and gases adjacent to the smoke plume also create drag that counteracts the upward
buoyarn force; either viscous drag (gases or liquig, air) or friction (solidse.g, walls)

[4]. Eventually the upward force reaches zero and the smoke stagnates (rising no higher)
[3.4].

Model ing of fire and smoke dynamics becomes e
movement is obstructed by a ceiling or other objec¢hdffire is indoors and there is

sufficient buoyanhforce, the smoke will collect at the ceiling. In this instance, the smoke
plume, following the path of least resistance, is forced to travel outwards horizontally at the
ceiling (called a ceiling jet)3,4]. The friction between the smoke plume and ceiling, viscous
drag with the aibeneathand heat loss to the ceiling and ambient air thmaranduction and
convection will all continue slowing the smoke plume velocity until it stops unless it hits an
obstacle (such as a wall). If the ceiling constrained smoke plume is surrounded by walls, as it
would be in an enclosure like a house, the snoakeot escape and begins to collect at the
ceiling and/or flow down the walls. The collection of smoke at the ceiling is called the smoke
layer (or sometimes hot gas layer).

To come full circle, the smoke layer a fire compartmeninfluences the fireWhenflames
extendinto the smoke layer, the temperature of the smoke layer increases. Lower oxygen
levels in the smoke layer limit combustion and increase the amount of unburnt fuel being
added to the smoke layer, further increasing temperature and djraitailable oxygeff].

As the temperature increases, the lagdgace area of the smoke layer can lead to significant
thermal radiation§3,4]. Smoke layer height is critical because radiation is driwen
temperature (to the fourth power) and distaswpaaredwhich are both directly related to
smoke layer height. The smoke layer radiation affects everything beloaluiding the fuel

As such, heat transfer to the fuel from a descending smokentayeazscalate the burning

rate and fire sizeéAs a fire continues to burn and the smoke layer builds, thenfise
transitionint o a -dfefvuell loyp[34d A ragiditransition from a localized fire plume to

a fully devel oped fhemeaveryicambustible matdimirfacenthe an ev en
compartnent (heated by radiation) reaches ignition temperature, igniting within seconds such
that the room appears to become engulfed in flames almost instantarj@dgljstlyn a - af ul | vy

devel opedo fire (entire r-d®0iCandhurhangcannot e mper a
longer survivd3].

The crucial interactions between fire, smoke and environment are complex and,
consequently, difficult to modeDne common fire model simplification is divide a room
(compartment) into two stacked zones (t@one models): the smoke layer (upper layer) and
the cooler, clear air below (lower layer). However, this simplification does not capture the
mixing orfitransition zoné between the smoke layer and the air below, cabgedimerous
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complex physical phenomena that include buoyaacirainment mixingyiscous dragand
convection3,4]. The mixing zone can beery thin or quite thick (up to several feet thick

[6]) depending on the fire, smoke, and compartmerihdrcase of a thin mixing zoiigee
Figure2.2), it is relatively easy to distinguish the interface between the upper and lower
layers. The interface is much more difficult to distinguish when the mixing zone is larger (see
Figure2.3), giving rise to numerous definitions for distinguishing the interface. Fire

dynamics models used to determine how long people have to exit sometimes select a
conservative definition such [@Aa&and hfef ind otwer
i ndi cat i o[@]. Overly senpiifiekl definitions pose a problem in tzone fire

models because properties within each zone are assumed to be ¢8n&&intncorrectly
assigning theipper and lowerlayer interfacdurtherimpacs the accuracy of twaone

models becaudhe associated zone propertiksnot accurately represent the average zone
propertiesn the fire compartment and tlestimatedsize of each zonis incorrect. Thus,
vague terms | i ke layéréclosenad®edoof tbeftransitrofd]) a8emo k e
used to distinguish where the smoke layer is present.

2015-07-09 14:15:19

Smoke Layer
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Smoke Plume

Smoke Layer
Height

. Fire Base

Figure2.2: Photo with smoke layer parameters

Several terms are used to describe different parameters related to the smoke layer. The
smokefill rate captures how quickly the smoke layer drops down fronceileng in a

confined space. For example, fires that produce equal volumes of smoke will tend to fill a
small space at a faster smefiderate than a larger space. The smoke layer depth refers to the
physical depth of the smoke layer from the ceiling{ahin Figure2.3) and is related to the
smokefill rate. The smoke layer descent time is the time required for the smoke layer to
reach a specific height. Finally, the smoke layer height represents thedfdlyghsmoke

layer from the floor (shown iRigure2.2 andFigure2.3). Thus, in aoom with a flat ceiling

the smoke layer height is the ceiling height less the smoke layer depth. However, many
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models calculate the smoke layer height with reference to the base of the fire rather than the
floor of the fire compartmer}6,8,10] so it is important to corert the results to the height
above the floor if the fire base is at a different elevatgog, (a fire that starts on a sofa as in
Figure2.2). The smoke layer heigig often the desired value when studying fire and smoke
dynamics because it indicates the height where a human attempting to escape would
encounter smokén assessing smoke layer height, it is important to distinguish between the
smoke layer height antié¢ height of the neutral plane in a fire compartment. The neutral
plane is the plane at which the pressure difference across an ofeegindporway)in a fire
compartment is zero arndmarks the interface between the flow of smoke exiting and flow
of cold air entering the fire compartment. Thus, while it is sometimes considered that the
height of this plane is coincident with the height of the visible edge of the smoke layer, in
reality due to mixing across the smedie interface, the heights are oftéifferent

[11,12,14,15]

Transition Zone

First Indication of Smoke

Smoke Layer
Height/
Lower Layer

Smoke Plume

Fire Base

1 N

Figure2.3: Diagram of snoke layemparameters

The smoke layer has many properties relevant tarfodek including thermal properties,

gas concentrations, unburnt fijpyrolyzate[4]) concentration, and varying levels of
particulate matter and aerosols. Though cooler tharombusting fuel vapoutisat can

easily exceed 120TC [4], a smoke layer can still reach temperatures over60Thisis

why it is often referredo as the hot gas layer. In many engineering scenarios, properties
(e.g, density) are assumed to be constant as temperature changes to simplify calculations
However given the large temperature ranges indine smoke analysishanges in

properties wih temperaturenust be carefully considere@as concentrations (dependent on
density) are relevant to determining how long occupants have to escape before the toxic
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gases cause incapacitation (and possible death). High enough concentrations of uburnt fue

in the smoke layer camesult in ignition and flames in that layiéthere isalsosufficient heat

and oxygen present (the three components of fire). Unbalitfuel, particulate matter, and

aerosols form the visible component of the smoke layegpTeér cei ved At hi cknes
visible component is often called smoke nAden
how the componens measured and the applicat{8L6].

If the smoke layer depth in the fire compartmaescends to the top ah opening, such as

an open doorway or stevell, then the smoke will follow the path of least resistaaroe flow

into the adjacent spaead subsequently build a smoke layer in that sfiade If the fire
continues to burn and generataoke, then this sequence may repeat as room after room has
smoke collect at the ceiling until the smoke layer depth is sufficient toteeteextadjacent
space. In this way, a fire that produces a lot of smoke can fill every room in a house with
smoke The farther the smoke travels from the fire compartment, the more it mixes with
cooler air.,Theentrainedair causet he s moke t o b eandwedscesbhey | ess i
concentration of toxic gases. However, the effeatthe smoke layer height depend on how
much the added air causes the smoke layer volume to increase compared to the volume
decrease caused by the temperature, and therefore densitpsddttbere is no working

fire alarm @s is reported to occur 81% of CanadiafiLl8] and 33% of U$19] residential

fires), it is possible for occupants to be incapacitated (rendered unconscious) or even killed
by the toxic gases without being aware of the firectfupants are aware of the fire, the

impact of thespreading smoken visibility and toxic gas concentratiomgy make exiting

more difficult or even impossible.

Fire dynamics are complex. Evapparentlysimple examples like a campfire can quickly
becomeso complex thatletailed modelling of the fuel, oxidizer, heat, smoke and

environment interactions are challengifitpis is even more true for scenarsageh as

living room furniture fire in a housvhich forms the subject of this thesi&obal

paramegrs like smoke layer spread and height must be measured and understood before it is
possible to focus on local parameters such as smoke and toxiisigdmitionswithin the

smoke layer. Therefore, this work focusesymasurementsf the global parametsrof

smoke layer presence and bulk smoke denElig.first step of this process is to understand
existing estimation methods for both parameters. Smoke layer height estimation methods can
be broadly grouped into visual, sendasedandanalyticalmethod, which are addressed

next in turn (Section®.2, 2.3and2.4, respectively) followed by smoke density estimation
methods (Sectio.5). Existing methods capable of estimating both smoke layer height and
smoke density at the same time are discussed in S@dfiorhe chapter concludes withe

origins of the proposed novel smoke layer height and density measurement method are
detailed in Sectio@.7.
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2.2 Visual Smoke Layer Estimation Methods

The existing smoke Yeer height estimates can be broadly classified as visual, seased,
andanalyticalmethods. The visual methodeediscussed in this section followed by the
sensotbased andnalyticalmethods in Sectiora.3and2.4, respectively.

As established, smoke layer height is specific to a particular fire scenario. Consequently,
while scaled modeld.€., intermediatescale experiments) have been used in the past
[14,20,21] the smoke layer height is almost always estimatéalagcale. Continuously
measuring the smoke layer height from floor to ceiling in a compartment is not economically
or physically feasible in intermediater full-scale fire experiments. However, video cameras
thatrecord a broad view of a space recardwamerous frames per second can be used by
observers to estimate the smoke layer helgimilarly, thermocouplesensorsvhich record
temperatures for a single point, can be insta
stacked thermocouples at diéait heightsThe thermocoupldata, collected at regular, small
time intervals, can biaterpretedo discern the descent of the hot-gatd air interface,

thereby estimating smoke layer hei¢gdge senseabased smoke layer estimation methods in
Section2.3). Accordingly, although other experimental data have also been used, the
relatively low cost and small size of thermocouples and video cameras compared to some
alternatives have led to an abundance of smoke layer height estimation methods that rely on
these inputsn this work visual methods are divided into two classificatiaghsbserver

based and ii) image analydiased smoke layer height estimation methadd theyare

addressed in Sectio2s2.1and2.2.2 respectively.

2.2.1 Observetbased Smoke Layer Height Estimation

Observetbased methods are by far the most common approach to estimating smoke layer
height in fire experiments. Observers typicalgterminesmoke layer height on a maero

scale by interpreting smoke patterns as theexpent progresses and the smoke layer
descends. The smoke pattern interpretation by the observers makes this method quite
subjective i e., biased). While the specifics of the obsefvased methods are rarely the
same between experimental series, smakerlheight estimation is almost always conducted
using known height markers. In a few cases, objects of known height are used to estimate the
location of the smoke lay¢t4,22 25]. However, using explicit and evenly spaced height
markers is more common, including lines marking heifit26 28], scale§20,29,30] and
indicator lights positioned at regular intervfs20,31] There is some controver§22] but,

in almost all casefd 3,21,27,31,32]observethasedsmoke layer height is assumed tatthe
same ashe actual smoke layer height.

In early smoke studies, observers directly recorded values of smoke layer height during an

experimen{26,29] In a set of experiments in 1970, 20 observers were outfit in breathing

apparatus and supplied witllashlight, clipboard and stopwat{®6]. They stood at various

locations throughout a space and observed when the smoke front reached theis|albation
12



subsegant smoke layerdeptand whet her the smokel26hThepeear ed
disadvantages of this method, including safety concerns and observer consigteacy,

noted in the repof6]. As the hot smoke mixed with clear air below, it became more

difficult for observers to distinguish the smoke layer. Observationswere consistent for

dense smoke rather than thin sm{@@j. With the safety concerrj26] and the present

availability of video cameras that allow p@stperiment analysis, this practice issn@re

Video recordings are a series of images (frames) captured numerous times per second that are
stored as data in such a way ttiety can be played back at the same, faster, or slower speed

as desired. Thus, video recordings have become the standard method for visually estimating
smoke layer height in fulcale fire experiments. In addition to circumventing the safety

concerns asgiated with direct human observation, other benefits of video recordings

include

1 removal of time pressure because video can be pauseglaryesl

1 consistent view and ability to focus on various areas of interest in camera view

1 time-synchronization with ther experimental data if video recordings include time
stamps

1 recording at speeds faster than a human can differentiate-timmeadllowing frame
by-frame review if desired

1 comparison between videos and experiments to ensure consistency becuigsmthe
can be reviewed by the same observer and without the typical time delay between
experiments

1 postexperiment analysis reduces human resource demand during an experiment

These video recording benefits are more generally applicable to all smokedeydr h
estimation methods that use video recordingduding image analysibased estimation (the
second classification of visual method) that is discussed next.

2.2.2 Image Analysishased Smoke Layer Height Estimation

As computer poweaind digital recording s have increased, video traces of smoke could

be analyzed in more detail and moapidy. Video recordings are separated into their basic
images and the image data from specific areas relevant to smoke patterns can be analyzed.
Image analysis haaken observebased smoke layer estimation one step further by
automating part(s) of the analysis and potentially reducing subjectivity by the observers.
Image analysis is typically used to look at a $raeda or areas within the image (observer or
progam selected) and extracts recorded value(s) within those locations which are then
interpreted.

Videos are made up of a series of images that are, in turn, made up ofgiowatg ata

values). Each pixel stores values that indicate the conditions arte each image is

capturedFor examplea 640pixel by 480pixel (i.e., length by length) resolution video
13



camera records 307,200 pixele( area) of data in each imaggenerally speaking, newer
video cameras record more pixels in each image aadhigher rate of image capture than
older models. These increases allow resolution of smaller and smaller areas within each
image and measurement at faster and fastertratesan result in higher precision smoke
development results. However, even vatitomated image analysis, the extracted pixel
values must still be interpreted which leads to subjectivity because, whether directly or
indirectly through programming, a researcher is still responsible for interpreting the extracted
values. When the methdths been applied in enough varied scenarios, it is possible that the
programming could be modified to interpret the extracted values with minimal subjectivity
Two image analysis methodsvesbeen developeldut both require further application to
achieveminimal subjectivity

The first image analysis method was developed for the purposes of having data that could be
used to validate the results of a computational fluid dynamics (CFD) f&&]eFive
experiments withdur different fuel sources, two liquid (heptane and toluene) and two solid
(wood crib [x2] and PMMA crib), were conducted in a $6bcompartmenthat includeda
single2 m by 2m vent. Two CCBcameras, one inside and one outside the compartment, and
two thermocouple rakes (nine thermocouples each) were used to estimate the smoke layer
height. Based on the experimental results from the image analysis method, images were
selected approximately every 30 seconds for analysis. This method analyzed a series of
vertical onepixel-wide columnsij, to determine the maximum (grey scale) pixel intensity of
each columnl;, and the average maximum intensity across all columns analyzed in the
image. The smoke layer heighi;,, was estimated to be located at a fragtipor percentage
of that average highest value when scaled by a physical size indgca®shown in
Equation2.1.

B awd

W d 21

This method only worked for the two liquid fuels. For the other two (solid) fuels, the smoke
was too whtie for the image analysis method to separate smoke from the white background.
Thus, the smoke layer height was estimated by observers (see eztiprior the tvo

fuels for which the image analysis method could interpret the smoke layer characteristics, the
fraction,f, used in the smoke layer height calculation changed (no reason was given) based
on the fuel: one was0.55 (toluene) and the other (heptane) watgonovided[28]. Further,

t he aut hohesimage andlysis couldadt befuted after utasfor toluene and

after 6 minutesfor heptane and the following valufpegere] based on visual observatio® ( n o
rea®n was given)28]. As a potential indicator of the accuracy of this image analysis

method, the smoke layer height results show that the image analysis method results appear to
vaguely follow the unstable results olotad from thermocouple measurements using a
variation on one (or mo23%) of Heds met hods
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Second, Verstockt and a team from Ghent Unive[8&y35] developed a videbased fire
forecasting model that included estimation of smoke layer height. Their system was
developed using several different experimental layouts with various room configurations and
a variety of furniture fuel sources (including ss)fand layout§33i 35]. The mage analysis

video recordings were captured with Lynksys/Cisco WVC2300 cameras recording in 640 x
480 pixel resolution at 30 frames per second ([{p5)36]

One of their later work§34] clearly and concisely details the algorithm and process.

Howeve, a highlevel summary of the process used to estimate smoke layer height by the

Ghent team is included hefEhar image analysis process first takes images from a video

recording and decomposes the images using a discrete wavelet transform. This

decompsi ti on all ows deter mi nat i o distimctionrgatwee | 6en
tothesurroundings. The-eakggybdbthmrsekbattti dabsgh
without smoke and then measures the energy within the lines by vertical |@stioe video

(i.e., time) progresses. The presence of smoke makes the pixels less distinct relative to the
surroundings and, consequently, degrades the pixel energy. The smoke layer height in each
image is determined to be when the energy versus heigfiie(s) is greater than or equal to

a specific slope. In these early works, a slope value of 20% of the maximum energy was

selected subjectively as a starting point.

As verification for this smoke layer height estimation algorithm, a small number of

subgctive visual evaluations were also made. The algorithm appeared to correctly identify
the smoke layer heigfi33,34Jand fit he-bmesedupmeke | ayer heigh
the door openings indicated similar smoke layer height paftgéshas well. The latter

verification method is quite unclear because a) there are many possible ways to use
thermocouples to estimate smoke layer height (discussed in detail in the next section) and b)
thermocouples in a doorway would indicate the smoke layer height of the ddmurtvagt
necessarily of the compartmgff,12,14,15]In a later work, compartment smoke layer

height estimates from thégarithm were compared with doorway smoke interface heights
calculated using thermocouples and the legsiares method (see SectiB.4) with mixed
results[36].

As mentioned and inferred in the image analysis verification detailed in this section,
thermocouple datareoftenused to estimate the smoke layer height. There are numerous
such sensebased smoke layer estimation methods and several more common nagéhods
detailed in the next section.

2.3 Sensorbased Smoke Layer Estimation Methods

Given the subjective nature wiethods for estimating smoke layer height by observers, it is
not surprising that numerous altelimatmethods have been devised over the years. With
image and video processing only becoming economically feasible in approximately the last
decade, most alteaive methods used other sensors (temperature, concentration,
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transmissionetc) to indirectly infer smoke layer height. In all cases, the measured daeta w

used to locate the interface such that-aabue function, such @be oneshown inFigure2.4,

can be determined. Smoke properties are then averaged above and below the assigned smoke
layer height

Height
(|

Sensor Value

Figure2.4: Bi-value function (line) from hypothetical fimaesh sensor data (points)

Sensotbhased smoke layer height estimation methods using variations of this method include:

1 First change methd@9]

Specific value methof22]

N-percent ruld9,37]

Integral ratio metho§ll3]

Leastsquares methold 3]

Deviation from averageesisor valugl5]
Sensor value profile discontinuiti§33]
1 Sensor value profile inflection poinitl]

= =4 -4 -4 A -9

These sensdrased methods are typically based on temperature data
[9,11,13,15,20,22,29,839] but occamnally transmissioffi9,29,40]or gas concentration
[27,40]data are use®f the sensebased methods listed, the first five are most common and
arediscussed in more detail in the coming sections.

2.3.1 First Change Method

The firstchange method was common historically but no literature using this method was

found beyond 199[6,29,40] This method does not have an official name; in text it has been
referred to as Athe ti me[29],haftf ierascth tspEmmpseorra tsu rae
Afirst indicati on[40padnd ifsfei risnt [isredhiscoat ivaan ucef] 0s n
t y p[é0Q]. Gollectively, the smoke layer height determined using the first change method is

chosen to be at the sensor height when a sensacHasges value. By definition, this
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method represents the first indication of smoke. As with most seased smoke layer
height estimation methods, thermocouples (measuring tempajaitgaised most often
[6,29,40] Transmission sensof39,40]and gas concentratiof40] are also occasionally
used.

2.3.2 Specific Value Method

The specific value method is similarly straightforward! is the method used in the well

known, heavilyinstrumented 2006 Dalmarnock fire teg28,41,42]wherein experimental

results were compared #opriori (i.e., without knowing the results of the experiment) and
posteriori(i.e., using experimental results) results from computer models of th¢38sts]

AThe Dal marnock Fire Tests provided measur en
compared wh field models, not on an averaged level, but on a scale comparable to the grid

s i 448]0For example, over 450 thermocouples were used in each expefrheWithin

this work, the specific temperature value used to indicate smoke layer isdigiken to be

different values by different researchers: 103(22,42], 150°C [43] or expected to fall in

the range of 90C to 250°C [43].

2.3.3 N-percent Rule

The N-percent rule, developed by Cooperal.in 1982[9], is the most commonly used
sensothased smoke layer height estimation method. This is the recommended foetho
determining smoke layer height from experimental data in the National Fire Protection
Associati on 6 s [@BF]PTAe n2thod requies staekedisensor valuas of
pammeter, most commonly temperature, such that a vertical data profile can be measured.
For example, if temperaturs used, a vertical thermal profile from at least two temperature
sensors (thermocouplés)required; though more sensors are better foliapasolution.
The N-percent rule effectively calculates the range of measured sensor values and the smoke
layer height is deemed to be present gadxcent N/100) of that rangg9]. Thus, the N term
must have a value in the range of 0 to 100. This is similar to the method used by Mulholland
et al.in 1981[44]. The smoke layer marker for a measurement paranetiigt varies as a
function of time and height from the flow originally calculated using Equati@r® [9].

L . - o, - L e

n aho p—mITA@fqho nae b m naoo m 2.2
There are now some variations including the NFPAS)Zersion that combinds/100 into
an interpolation constant,, that acts as a more traditional percemted.e., if N=20 then
Cn=0.2). The parameter value measured by the sgugdy), is a function of both sensor
height,z, and timef. Thus, the highest sensor is locatedsgiand the smoke layer height,
Znw, IS the lowest sensor height that mascbheexceeds the valve obtained using Equation
2.2. If the sensors are measuring temperaflyeal inFigure2.5, then the smoke layer
height can only be determinedTifzt) i T(zt=0) > 0.5 [KFC] [9].
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Figure2.5: Smoke layeheightestimation diagram for the-Nercent rule and integral ratio
method

As shown inTable2.1, many diferentN-percent valueareused in the literature to estimate
the smoke layer height from measured data in a wide variety of fire experiments
[6,9,46,47,13,20,21,27,31,32,44,4%he selectedl value can have very littler a significant
impact on the estimated smoke layer height if the transition zone is small or large,
respectivel)({13]. Cooperet ald 9] original work usedN = 10-20 because fercent results
from thermocouple and photometer sensor values largely agreed with visual results in 19
methane burner fires with an artificial white smoke so{@teThe NFPA 92 standard
definesthiN=102 0 r ange as the #Afirst i MNd8d@Was i on of s
t he fAsmoke 6k Wastuseithese bighfordosv #abues but some use in between
values to estimate the smoke layer height as showabte2.1. 't has been said t
using the Npercentage rule to process experimentally measured temperature data, one is
often baffled with the selection of tiNev a | {.8]..For example, the use BE60 in one

work [46] is based on a reference chain that only leads to valuds5éf or less. The article

s t a tFa& determining the interface height using predictions of CFD models, a valiie of
between 0.5 and 0.6 is recommend4¢#i6]. The reference for that statem@ff] does not
mention the Npercent rule or any specific smoke layer height estimation method though it
indirectly refers to two article$47] and[13]. In the first work N=50 is selecta to represent
the smoke layer height without any referefd. Whereas the second refereiitg)

develops the method detailed in the next section antl+iH3, 15, 20 and 50 in one plot to
demonstrate the sensitivand subjectivity of selection of differing valuesifo use in the
N-percent method.
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Table2.1: N-percent values in the literature

N References

10 [6,9,13,20,21]

15 [6,9,13,20]

20 [6,9,13,20,21,27,44,45]

30 |[21,32]
50 | [13,47]
60 | [46]
80 | [6,45]
85 |[6,31]
90 | [6]

2.3.4 Integral Ratio and LeasSquares Methods

In 1998, Heet d. [13] publishedan article with two mathematically derived interface height
estimation methods: the integral ratio and leagtares methods. Both methods were

designed as parameter averaging schemes that intended to eliminate the subjectivity in the
processing of paranmtdata. Experimental dataevecollected from a ninghermocouple

rake installed in the hallway outside a burn room, between the burn room doorway (open)

and a stairwell, where two flashover sofa fires with different building ventilation conditions

were sarted. The measured temperature daeewsed to estimate the smoke layer height

using the integral ratio, leasguares and {gercent (withN=15,20) methods. All four

estimated smoke layer height traces had different values though the patterns weileygene

similar. However, the authors note thaithout verification by visual observation (see

Section2.2) or use of the method(s) with smoke density (rather thaperature) as the

parameter (see Secti@b.2), it cannot be confirmed whether the proposed methods can
satisfactorily identify smoke layer heiglii3]. None of the literature uselde method with

either visual or smoke density as the examined parameter so the inference of smoke layer

height via these techniques is still unproven. Within the subsequent literature, the integral

ratio method was used mdrequently[20,21,49]than the leassquares metho@6]. This

may be a result of t he-sagwtahroerss dmed chrocdl wsaiso ni nt
to spatial fluctuations of the temperature p
experimental data with temperature as plarameter examingi3]. Accordingly, the

integral ratio method is examined in further detail in this thesis.

The integral ratio method gets its name from the ratio of direct and reciprocal averages,
represented by integrals. The method derivation begins by showinupttiet,vertical
direction {.e., zdirection) the ratiot, of the direct average of a paramefgr,

@ & _ A aQdand reciprocal average, ® O _ & Qaisi
n in p but achieves a value of 1 when the parametes, iniform over the regioa
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to b. If a compartment is divided into an uppey &nd lower k) layer, two ratios are needed:
i N riN gpandi 1N {iNQ f, respectively. In both cases andr)), lower ratio
value means highemiformity. Thus, the ideal interface height is located where the
collective upperand lowerlayer uniformity is maximizedi.g., min(ry + r))). Then, if the
ceiling height isH and each possible smoke layer height s series of ratios for a given
paameter can be calculated by solving Equa#ién

L g hend fea e shoa g
at any point in time as long as the value of that parameter is positive or negative for locations
throughout the entire regiond., Kelvin is used for temperatur@he interface heighZin, is
then the value dfi that results in the lowest valuemf+ r;at a particular point in time. In
Figure2.5 the parameter of interest is temperature as measwrigimocouples.

Two existing types of visual and four types of sedAsmsed smoke layer height estimation
methods have now been examined. The final type of smoke layer estimation method
considered in this woris analytical methods based on correlatiomexjierimental datandis
discussed in the next section. Smoke density estimation methods, and methods that can
estimate both smoke layer height and density are discussed in S2diiand?2.6,
respectively. Finally, therigins of theproposed smoke layer height and density estimation
method are detailed in Sectiarv.

2.4 Existing Smoke Layer HeightAnalytical Methods

Given the importance of smokeykx height in designing for evacuation in a fire scenario, it

is not surprising that simple haiedlculations have been developed for estimating the smoke

layer height in a fire compartment. Three dominant kzaidulations have emerged

calculating smokealyer heights during fires in spaces without mechanical smoke ventilation
systemd4,6,7,17] The Zukoski8], Tanaka & Yaman§LO], and the National Fire

Protecton Associati on6s ( NpERrehtedmethadsgdrand1®7¥8d NFPA 92
1985 and 1990, respectivelg)detailed in this section.

Zukoski[8] createca fisi mpl e analytical model é to determ
to fill with product s Thismadel wds thsoteticallpderfivedo m a s m
from mass and energy conservation equations for a closed fire compartment with small
exteria leaks. The original calculation involved numerically solving a differential equation
or, now more simply, using the chart provided with the appropriate inputs and outputs for a
specific situation to determine the necessary values to proceed with the lsiysrkheight
calculation[8,17]. The derivation process inghkvork required many assumptions, so the
resultswere at best order of magnitude estimd®&$7]. Thi s was Zukoski 6s in
the calculation was used to estimate the relatiy@iance of fire size, room geometry, leak
location, fire elevation and fire geometry in a smoke filling scerj8fidHowever the fire
20



was modeled assuming that it hacbastant energy release ratith time. This assumption

limits the applicability of the method becadses reatworld fires can beaasonably

approximated as having a constant energy (heat) release rate with time over anything but a
very short time period. This may be the reason for the more prevalent use of the theoretically
derived Tanaka & Yamarja0] analyticalmethod that can be applied for fires witlneat

release rate (HRR) curves whex@, which include theommont? heat release rate design

fire growth curves.

Tanaka& Yamana[10] theoretically derived smaklayer height estimates for several
scenariosincluding nonsteady fires with no mechanical ventidgl0,17,50] In a separate
paper, they conducted two IMBNV methanol pan fire tests in a.36n tall space where
thermocouple and photometer data were capt@@d The smoke layer height was
estimated using the derived calculatj@f] thatshowedbetteragreement when compared
with first change method (see SectB.]) results from the thermocouple and photometer
data, and obsenurased results (see SectdR2.]) [29]. The calculation first makes the
common assumption of a twamne fire model with constant smoke dengjty in the upper
layer as shown ifigure2.6. The smoke layer heighysy, is

j
®o W3 - £ 2.4
0O ¢ O O!
whereAsis the constant crossectional area of the fire compartmetitis the height of the
compartment, and heat release rate is modeled as th&lfoifime constank, can be
assumed to be approximately 0.0764 for ambient standard temperature and préissure in
lower layer in the compartmehased on a long derivation and iteration pro¢egg

I n 1991, the NFPA published NFPA 92B O6Gui de
atri a an d[6]wkich gse in@nmparatdes @stimation methods for smoke layer height.
NFPA 92B and its counterpart NFP&®nt®2A, ORecoO
systemsé, had many of the same requirements
92 6St an dkaer dc ofnotrr osl mod6y. i thesmarétwa empirizallyldérived

smoke layer height equations; one $teady fires and another for unste#dires [6,37,40]

Both equations are also included as the standard empirical smoke layer height analytical
calculations in th&ociety of Fire Protection Engined&FPE) Handbook?]. The steady

state fire smoke layer height equation was derived based on correlation of experimental

results from four gas and liquid fuel test series coted prior to 198740]. In total, the

steadystate fire smke layer height correlation appears to have been created using 17 smoke
layer height data points that were estimated using the first change method (3&ccor

N-percent method (Sectiéh3.3 [6,9,40,51] The snoke layer height equation for unsteady

t2 fire growth was derived from one propylene burner test imat&ll compartment with

what appears to be nine smoke layer height data points estimated using the first change
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method (Sectio.3.1) [40,51] Neither equation has amged since they were initially
introduced for committee approval in 19®@] but additional data sources (latest collected
in 1991) were added to associated plots in the standards (regardless of [faa4il)

. SR S

Figure2.6: Smoke layer height calculation diagram

Given the small data sets from markedly different fire scenarios, there isusceréainty
about the validity of applying the smoke layer heigialyticalmethods fot? fires to a

living room sofa fire. However, they are most likely significantly bdttan the smoke layer
heightanalyticalcalculations for steady firetue to the comparatively rapid growth of the
fire scenario in question

Thus, existing visual, sensbased andnalyticalmethods have been investigated for smoke
layer height estimatn. Some of these methodseused to characterize the smoke layer

height in living room sofa fires as a baseline comparison for the radiance method developed
in this thesis. The selected methods are detailed in S&#avith the results presented in
Sectiond.1 Since the radiance method includes estimations of smoke dengittlas

smoke layer height, a similar understanding of existing methods for estimating smoke density
is required. Accordinglyexisting smoke density estimation methagdsinvestigatechext

2.5 Existing Smoke Density Estimation Methods

The focus of this wik is toundertake visual analysis éxtract data from recordings of fire

eventsAl t hough i ndividual makedtan lwe sderg and thusar e no't
measured, at macisrale. Accordingly, it is feasible to derive opticdaknsityestimatiors of

smoke density.
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Since fire and the smoke it creates are directly related to the fuel, oxygen, heat and fire
environmentie., outdoorscompartment, wind, adjacent flammable materials), smoke

would ideally be measured in the same or similar environment as the scenario to be
modelled.This is not practicable, hence many smaitld intermediatscale tests have been

usedto estimate quantitpr characteristics of smoke from materials and assemblies.

However, these test resuitseay or may not be truly representative of specific fire scenarios.

Thus, to select representative smoke values, it is crucial to understand how smoke
measuremeni@re ¢ have been obtained. RasbastuPhillips [53], Flisi [54], and Whiteky

[16] summarized various measutktat have been smokédd [t o destcexbe
measured parametefs]lowing is a list of some of the ntmeasuressmoke mass, smoke
concentration, smoke density, smoke extinction area, smoke extinction area per unit mass,
smoke extinction aregaer unit mass of volatile fuel burned (specific extinction area), smoke
extinction area per unit surface area, transmission of incident light (or light attenuation), light
attenuation per unit length, volume of smoke required to reach a specific valytg of |

attenuation, visibility, opacity, optical density, optical density per unit length, standard

optical density, specific optical density, mass optical density, obscuration, obscuration

potential, smoke generating coefficient, smoke production factakesproduction rating,

rate of smoke production, smoke produced per unit mass, total smoke produced, and, in one

i nstance, il gM,6354]o0 fAss ntolkiisnie ssstbat ed, fieach on
methods gives different results, and for this reason the method should be mentioned
whenever smoke densitypddata are given or rep

Despite variable nomenclature and formulaestof the above smoke measures alated

to the transmission of light and the Bémbert law [16,53 55]. In most cases, the
instrumentation emits light (often from a diode or a laser for monochromatic light), the light
travels through the air/smoke mixture of iet&t wherein some of the light is lost in
transmission, and a portion of the emitted light is measured by a receiver. A diagram of the
general seup for transmission measurement is showhigure2.7. Application of the Beer
Lambert law requires an assumption of uniform particle distribution along the path of the
light and monochromatic lighi6,53 55] although white light is sometimes used for
illumination as wel[53,55] The smé&e measurement calculations then originate from two
common equations that are based on the-Baetbert law:” I T30 6 aand”

I T CG'O 6 &whereysis smoke densitylp is incident light,l is transmitted lightl is

the distance that tHgght travels between source and detector,@nandC; are constants
comprised of differing values and coefficients that depend on the smoke measure in question
[16,53,55]

Also referred to as Beerodos | aw,Bdermbseritavs. | aw, Bougu
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Figure2.7: General setip for transmission measurement

Over time, a few of the smoke measurement tests began to dominate as they were adopted
into standard test systems with specific criteria that materials had to pass before use in a
particular environmerb4]. Now, the National Bureau of Standards (NBS) Smoke Density
Chamber is accepted globally asdikely the most widely used test apparatus for measuring
smoke density3,54,55] A main reason for this popularity is that it hag @f the lowest

levels of variation between tests although in reality with a variability of atha¥%o

(depending on material) it is still relatively hi§$56,57]

2.5.1 Smoke Density Chamber

The NBS Smoke Density Chamber (or smoke density chamber) is assalallsmoke
measurement test apparatus that has formed the basis for many test standards globally.
Todayodos systems are similar but not i:denti cal

1 ASTM International (originally American Society for Testing and Mateftz3)
standar d AStnderd Est 8&thodifor Specific Optical Density of Smoke
Generated by Solid Materi@§s7]

1 International Organization for Standardization (ISO) standard ISO-865% Pl ast i c s
0 Smoke generatiod Part 2: Determination of optical density by a sirghamber
t e §6]0

These two standards are the basis for all others that use a measure from the smoke density
chamber. British Standards Institution standard BS 6401 is based on ASTNBERE62

National Fire Protection Association (NFPA) standard NFPA 258 has been withdrawn and
simply refers to ASTM E662 for the materj@D]. NFPA 270 replaces NFPA 258 and

presents largely the same material as can be found in ISG2466%51]

Thesmoke density chamber is used to measure the specific optical density of smoke
produced by a 7Bom by 75mm sample up to 2&m in thicknes$62]. Representative

samples are cut from mategdthe fuel), conditioned to constant temperature°@2 2 °C)

and relative humidity (50% 10%) for 24 hours, wrapped in a single layer of aluminum foil,

and placed in the sample holder (that only exposesrdy 65mm of material)56,57,62]

as shown irFigure2.8 for an ISO 5652 test.The sample material can oriented either
horizontally (ISO 5652 [56] and related standards) or vertically (ASTM E§52] and

related standards) during the test. In the horizontal orientation, a load cell measures the mass
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of the sample on a continuous basis so mass loss can be calfaghtédphoto of a smoke
density chamber in the ISO 562%onfiguration, the one used in this work, without the
sample holder installed is providedkigure2.9.

Figure2.8: Smoke density chamber ISO 568%ample holder with a sample of material 3
(flexible polyurethane foam) for the third regiein in a particular heating mode

Door & - _ : :
Gaskets - Pl Optical Syst.em
e » Uppr Housing

Smoke Density Chamber

Pilot Burner

»1 I;‘i‘_i Load o ST SRR . - : l j 7:&
o Cell T 7"7 Sample Holder Location

Figure2.9: University of Waterloo smoke density chamber in ISO 5B&@nfiguration with
relevant components marked amithout the sample holder installed (location cated)

A radiant heat source positioned at a distance oh@5from the sample surface is used to
heat the sample (s&gure2.9). The heat source is set to eithek®8/m? or 50kW/m? (ISO
56592 [56] and related standards). With each radiant heat exposure, a pilot burner can be
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used for flaming ignition or removed for ndlaming exposure conditions, respectively

[56,57] Thus, there are four heat exposure modes in ISO-83¢50,57] In all cases, testing

of three repeat samples are required for each material and for each heat exposure mode under
the standard test conditiof6,57]

Daily smoke density chamber pressure tests ensure an adequate seal fdb&Sng)].

The chamber door remains sealed throughout thaihQte test (seEigure2.9). Therefore,

all smoke produced is captured in the fixed volume of the chajab&i7] and the available
oxygen is also a fixed quantitigatcan lead to ventilatictimited burning of the sampl@8].

The oxygen concentration is not measured in the standard test apfE6&dRthough

e X p e ns iovnes oOf aadr dé2]).caddn@ underainty in terms of the test environment,
and how it might change with time, during testing of a given sample. Light transmission is
measured each secobygla detector measuring the intensity of a light beam that shines
between the top and bottom of the chamber Fsgere2.9). The amount of smoke is

calculated according to the change in transmission relative to the initial reference value
[56,57] Once the 10ninute test is complete, the smoke is evacuated from the chamber and a
Aicl ear beamo t r anaeastimate and cambe iused tonereest torhewmutho
of the reduced light transmission was due to soot deposit on the optical windows (at the top
and bottom of the chamber) during the experiment.

The smoke density chamber measures the specific optical d@gifyom percent light
transmittanceT = 100 xI/lo [3]) by cdculatingO & 62t | T Cp mjity

p olcT Cp mjftY. Volume ¥ = 0.51m°), exposed sample area£ 0.0042m?) and light

path lengthl(= 0.915m) for the test unit is reduced to a constant value off3853] The
maximum smoke densityDg,max[56] or Dm[3,57]) is the maximum value that is recorded
during the test and is the value usually listed in the literature. In horizontal orientation, the
mass optical density (MOD) can also be calculated usingO0 ‘O j 0 o Y& with

the added mass losm( =mi my) tem [56].

Sample material and orientation have a significant impact oregeatability (withn lab)

and reproducibility (between labs) results obtained from the smoke density chamber
[54,56,64] Changing material shape and changing surface ¢ocegiative to the radiant
heat sourceg(g, a material that melts) can increase uncertainty in test régdjts-or
example, flexible polyurethane fodia large component of theel in the fulltscale
experiments discussed in this woikknown to melt when heatet@he horizontal
configuration is preferred to maximize the amount of sample material tested since less is
likely to drip out of the holder (which is one of the reasfmnsvrapping the sample in
aluminum foil). However, the horizontal configuration does not eliminate the changing
radiant heat levels caused by increasing distance from the heater as the material melts
(shrinking towards the bottom of the sample holdehn)s Tielps explain the more variable
results for flexible polyurethane foam noted during interlaboratory roolpid testing €.g,

26



nonflaming, 50 kW/m? i +36% repeatability+63% reproducibility [56] in comparison to
thetypical variability+25%[3].

Table2.2: Published smoke density values for flexible polyurethane foam with the standard
used (Std.), volume/ol.) of the equipment, sample orientation (Orient.) and heat flux

applied
Heat
Std. SC})a:irgﬁtle Flux Material E\)/I:r);i:[smg k)e Ref.
| [kwim?] Y Em
Flaming
ISO . Flexible Polyurethane Foam
56592 | Honz. | 25 (27kg/n?, 25.0mm thick) | ean80 | [56]
ASTM Vert o5 Flexible polyurethane foam| Mean 80.1 | [57,
E662 ' (high resiliency, 12.m) (41.2:167.9) | 65]
. Horiz. Flexible Polyurethane Foam Mean 32.8
NIA™ 1 orvert. | 2297401 ookgin?, 12.7mm thick) | (26.539.3) | 2
Non-Flaming
ISO . Flexible Polyurethane Foam
56592 | HOMz. | 25 (27kg/n?, 25.0mm thick) | ean 178 | [56]
ISO . Flexible Polyurethane Foam
56592 | onz. | S0 (27kg/n?, 25.0mm thick) | Mean 127 | [56]
ASTM Vert o5 Flexible polyurethane foam | Mean 99 (75 | [57,
E662 ' (high resiliency, 12.mm) 126) 65]
ASTM Polyurethane flexible foam Mean 188
E662 vert 25 (nonire retarded) (187-188) [63]
, Polyurethane flexible foam | Mean 193
N/A Horiz 25 (nonire retarded) (182-284) [63]
NfDua Polyurethane flexible foam | Mean 169
N/A Vert. 25 (nonire retarded) (155-183) [63]
Horiz. Flexible Polyurethane Foam Mean 177
*
NIA™ 1 orvert. | 22°740| (20kgi?, 12.7mm thick) | (160193) | [

*Smoke potential was measured and converted to specificabpignsity.

Additional uncertaintyexiss if the material does not ignite at R&//m? [56]. Smoke

production from all materials should be interpreted only as a relative ranking because of the
knowncomparatively high variability of this test method (relative to many in other science
and engineering fields). Accordingly, measured numerical values of smoke density should
not be used directly as model input. Even when comparing smoke production raakings
roundrobin study found that smoke density values for materials with less than 12%
difference between the average values could be ranked differently at differgétlabs
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series of published smoke density results for flexible polyurethane foamnameasized in

Table2.2. Available information on the testing standard (Std.), sample orientation (Sample
Orient.), radiative heat flux [kKW/fy sample material descripti, maximum smoke density

(Max. Smoke Densityl§m)) value, and associated reference(s) (Ref.) are included in the table
from left to right. In addition to the mean value, where available, the range of maximum
smoke density values obtained during testingaekided in brackets. These values are used

as a basis for comparison when smoke density chamber test results are presented later in this
thesis work.

In present day, there &renewed interest in smoke production measurements, particularly if
coupled wih Fourier Transform Infrared Spectroscqyf IR) gas concentration

measurements, because smoke visibility (and toxicity) information is needed for fire models.
Even better are results from fidtale experiments discussed in the next section.

2.5.2 Full-Scale

The demand for visibility data for model validation has resulted in the development of
various measurement methods that can be applied iadaik experiment&mall-scale

results have the advantage of lower cost and potentially better repeatabilitytdeedontrol

of important parametersioweverwell-designed, weldocumented and repeatable fsdiale

data well aligned to specific fire scenarios may be better suited to modelling thaiscaiall

data. The suitability is directly related to the irdte relationships among fuel, oxygen, and
heat in a fire scenario and consequent impact on the global parameters of smoke production
and layering, and visible density of the smoke.

Most existing fullscale smoke measurement methods use thelBeebert lawand light
transmission to measure the visible components of smoke. Similar to smoke layer height
estimations, fullscale methods for measuring smoke visibility can broadly be grouped into
two categories: visual and sensor based. However, unlike estimmatismoke layer height
that can be made using data obtained from numerous sensor typeshasesorisibility
measurements in fulcale fires have been limited to transmission sensors.

Transmission sensors have several configurations and are referenced in the literature by a
variety of names: photocdR6,29], photometer transmitteeceiver pairg9], smoke
turbidimeter[51], laser smoke obscuration senpti], andMIREX system (measures
extinction coefficient]28,66] Typically only one or two transmission sensors are used in
fire experiments, if they are used at all, and no more than 12 have been reported
[9,26,28,29,41,51,66]Transmission sensors are used sparsely in fire experiments because
they typically either need
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a) to be purchased from a company that designed the system and semgtirstand
the extreme envanments in fire experimenshd are, consequently, expensiaad
bulky, possibly influencing the smoke dynamics being meag663dand thus
requiretime and patience to sep, align, and troublghoot

or

b) time,knowledge and skills to desiginuild and calibrate systemandtime and
patience to saip, align, and troublshoot the gstem and sensor(s).

A certain amount of redundancy is often incorporated into fire experiment design because
fire experiments are notorious for instrumentation failure due to the extreme environment.
However, with transmission measurements there arg/na@lindancies; this can lead to

data gaps if a transmission sensor fails or is deemed inacc@t2R,28,42).

At least four visual methods have been used to estimate three smoke visibility components:
visibility [m] [67,68], extinction coefficient [r] [66i 68], and relative visibility [%]28].

The visibility and extinction coefficient were foundlie inversely proportional to one

another for light reflecting and light emitting (illuminated) exit si§#i&68]such that the
visibility canbe estimated using the extinction coefficient and visa versa.

I n Ji nos [68]ihgeéxtnetion caefliciektl) was measured and visibility was
the target parameter estimated by observers (see note on observer subje&egtiom
2.2.1) [67,68] It was empirically found thab *Tj, andw

U p 1, for signs between 5/ to 15.5m away from the observer thinonirritant
smoke[67,68] This relation has since been used in reverse to calculate the extinction
coefficient, o w when the visibility of reflective exit signs-#0m) [28] or
light-reflecting objects (<5.8n) [22] were known. This method works well for smoke
development in large open s with exit signs but may not be as useful in fire experiments
with few reflective surfaces.

Anothermethod for visually estimating the extinction coefficient of smoke is in development
[66]. The preliminary experiment used to test this method used a Canon 80D with a Canon
18 mm to 35mm lens (higkresolution digital camerand lens systejrtha took a photo

every second to track the change in extinction coefficient from a vertical stiigétof

emitting diodeg(LED) lights (lights spaced about 16Ym apart, 141 tota[66]. The smoke

was generated by a 500(~735mL) heptane pool fire that was burned over approximately 3
minutes in a 33™° space and the camera was placed such that 1{jp&88mm in the
analysig66]. Preliminay results show LED resulthatidentify similar trends and order of
magnitude results relative to the MIREX sensor results at one height, though additional
investigation work is needed for a more conclusive validg66h Although temperatures in

2 As an appoximation, transmissometers (same concept, different name) from the air pollution field cost
>$10,000USD per sensf#1,72,74]
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this experiment were not mentiongb], the common consumer LED strip ugé@] is
unlikely to operate (or survive) in a higgmperature fire scenario. Additionally, significant
resources would be required in order to utilize very fggolution cameras in an extreme
fire envionment.

A relative visibility of exit signs was used as part of the smoke and toxic gas validation work
for the popular CFD fire model Fire Dynamics Simulator (FDS) and Smokeview (results
visualization tool)28]. Video recordings of four fire experiments with four different fuels
(two liquid, two solid) were converted into grey scale images from which intensity values of
exit signs and the adjacent background were extr§28dA critical time for exit sign
visibility (terit) was taken as the earliest time at which the exit sign was completely obscured.
This critical timewasdetermined by taking the time when the ratio of the average intensity
(grey scale) value of the exit sigid) and background®) wentto one {.e., 6
0@ ® O p.Then, the relative visibility@was calculated d© 0

Gd O (CRR S ‘O . While the relative visibility results for an exit sign
across the room in each experiment were presented, they were not used directly in the
validation of the FDS model results. The relative visibility results were used to determine the
critical time forexit sign visibility and, thus, the extinction coefficient at that time could be
calculated. The MIREX system failed during the experiments so the extinction coefficient at
the critical time could not be compared with measured MIREX results as pl@&jed
However, measured values of critical time for exit sign visibility for each fuel were
compared to model CFD resulihe two liquid fuels had similar critical times in the
experiment and Smokeview visualization with gray level parameter adjustment.
Conversely, measured and predicted values of the critical times differed for the two solid
fuels. In these cases, the experimental results werdauseiflist the gray level parameters in
the Smokeview visualization lyunique value for each of the two solid fuels. In addition to
the subjective use of the results to change model parameters by unique values for each fuel to
make the model output match experimental results, the lack of\eafisation due to
MIREX the malfunction leaves some questions about applicability of this smoke visibility
estimation method to other scenarios.

Smoke visibility measures are one of the less common measures obtained duscaléull

fire experiments. However, of the options presgntieansmission sensors appear to be used
much more frequently than the other methods despite the associated cost and finicky nature
of the sensors. This prevalence is likely because of their applicability to a wide variety of
scenarios and reduced subjeity of results. These transmission sensor measurements can
also be interpreted to estimate smoke layer heightessddressed in the next section.

2.6 Combined Methods
A practicable method capable of measuring both smoke layer height and density would be
very helpful in fire experiments because method implementation could either reduce the
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amount of instrumentation, and therefore resources, required or increase the amount of
redundant data collection thereby increasing confidence in both usable datauéaditées

possible to measure both smoke layer height and smoke density at the same time. In practice,
this requires using a fulicale measure of smoke density to determine the smoke layer height

in an experiment. Hypothetically, all of the fgitale smoke density measures can be used to
determine smoke layer height because they are capable of measuring smoke density at
various heights. The smoke layer height can then be estimated from smoke density
measurements using one of the sefmmed smoke layéreight estimation methods.

However, only transmission sensors have been used in this manner and even then only in rare
instance$9,29,44]

Such a combined smoke density and smoke layer height estimation technique is rare because
multiple transmissin sensors must be stacked to determine the smoke layer height and, from
a resource perspective, it seldom makes sense to gather the desired information in this
manner. The method being developed with LED light strips may change this balance for less
sevee fire environments in the future, but due to the harsh, high temperature environment,
challenges remain for use in severe fire environments. Thermocouples are less expensive,
more reliable in a severe fire environment, and often already included to gtibal

temperature data; sare more commonly used to estimate the smoke layer height than
transmission sensors. If smoke density information is necessary, then useful information can
be gleaned from a small number of smoke density measurements fedaoilgselected

locations. Thus, whilé is possible to collect smoke layer height and density data from the
same method, it is impractical at present. However, in this thesis, a novel method is
developed that is capable of estimating both smoke laygintrend smoke density. The

origins of this method are detailed in the next section and the development to date comprises
the remainder of this work.

2.7 ProposedNovel Smoke Layer Height and Density Estimation Method

The novel smoke layer height and densgreation method developed during the present

research wafirst conceived during a guest lecture at the University of Waterloo in October
2018[69]. Dr . Roodbés |l ecture, titled 6Optical Re
Quantify Plume Opacity and Mass Emission Faclorso ut | i ned some resul t s
Digital Optical Met hod (DOM) developed by Dr
[69]. Although intended for measurement of emission plumes in the air pollutiofc®)d

the basiacconcepts of the DOM appeared to relate closely enough to reeasuirof smoke

layer development in fire scenarios to give merit to the possibility of developing a similar

method for application to fire scenarios. This idea was particularly attractive since the theory

and development of the DOM had been thoroughlystgated for air pollution applications

[7071 76] and parts héeven been patented for these applicatiprig).
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The DOM uses camera images and softwaemnalyze andquantify the opacity® = 100%-
transmission [%]) of air emissionks was conceiveds an alternate to subjective values

obtained usingi s mo k e s ¢ habsedvedswhich veere neeedified every six months

[70]. Certified observersre used to monitor visual opacity of emissions in accordance with
environmental agency requiremefitd]. The DOM was not the first image analysis system
developed as an alternative to certif@bservere the air pollution fieldit was preceded by

the Digital Opacity Compliance System (DOQ%3i 82]. The DOM was pursued for this
research, however, because it was better suited to analysis of smoke development during
experimental fireshian theDOCS methodA summary of differences in the methods is

detailed inTable2.3 along with reasons for selection of DOM as the basis for this. Wbk

first reason was a need to be able to adapt the method to smoke analysis via a first principals
approachi(e., through derivation). This is not possible if the details and derivation of the
original system equations are not well understood. The némggliour requirements for

adaptation to fire experiments are discussed in more detail later in this section after a general
description of the DOM itself. To proceed with the discussion, it is important to understand
the general premise behind to two éxig versions of the DOM and characteristics that

justify pursuing an adaptation of the method for investigation of smoke evolution in fire
scenarios per the outlined objectives.

In essence, the DOM quantifies background charggs the sky or a roof)saa result of air
pollution emitted or created by a source such as the industrial smokestack slfrogumen
2.10[70i 77]. Two versions of the DOM have been developee:cithntrasf70i 77] and
transmission}70i 73,75,77)versions. As the first step in assessment, evesynagtion in

each of the two versions are reviewed from the point of view of application to fire
experiments to determine its validity and potential application in this context. The
transmission version of the DOM uses a uniform sky background to detdhmiopacity of

air pollution emissions. During review of the method, however, it becomes clear that many
assumptions in the derivation hinge on the background being the sky and, therefore, only
works outside. Since the intent is to develop a method #imabe used for fire experiments
and compartment fires in particular (indoors by definition), the transmission version of the
DOM is not pursued further.

The DOM contrast method, on the other hars#s background areas visible in an image that
have contrasg colours (black and white squares in Figure 2.8) and compares the contrast
between the colours when air pollution is and is not present at the location of interest. These
contrast areas can include but do not require the sky. Similar to smoke destsissed in
Section2.5, the DOM uses transmission to determine the opacity or density of the air
pollution though it does not use the Béambert Law. The generic@M contrast

calculation is shown in Equatidhb.
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Table2.3: Comparison of Digital Opacity Compliance Systdd®©CS) and Digital Optical
Method (DOM) validations to fire experiment requirements

Digital Opacity
Compliance System
(DOCS)

Digital Optical Method
(DOM)

Fire Experiments

DOCS internal software
analysis details are sparse
[78i 82]

Detailed derivation provide(
for each DOM application
[70i 76]

Derivation is necessary for
fire scen@ios and the
derivation must be clear for
results to be accepted/
validated

DOCS validated for 0%
opacity[78i 82]

DOM validated for ©100%
opacity[70i 76]

Fire smoke opacity (density
values from 6100% are
expected

DOCS never used at night
[78i 82]

DOM validated for night
time usg72]

A wide variety of lighting
conditions are possible

Varied DOCS performance
with different cameraf81]

Consistent DOM
performance with different
camerag/0i 76]

Many different cameras are
used

DOCS never used with
video recorder§/8i 82]

DOM validated for
camcorder usg/6]

Video recordings are
frequently used
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Figure2.10: Diagram of the contrast Digital Optical Method (DOtiat compares
contrasting backgrounds in an image without (left) and with (right) air pollution particulate
from a smokestack.
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Inthsequati on, the 6écontrast without pollutiond
Thus, small changes in the contrast will have high transmission and low opadigthsh
opposite is true for large contrast changes. Like the DOM based on transmissiz@dMhe
contrast method alsequiresuse of various assumptionscluding: path radiance and
transmission lossdmingequal for both the black and white areas gitvan point in time,

the radiance emitted by the background remains constant as the fire experiment progresses,
the transmission losses through the air remain constant as a fire experiment pragrdsses,
constanparticledensityin the plumeThe natureof these assumptions, howeverkesit

more feasible to determine and understand their impact on smoke measurdirgeent in
scenariog70i 77]. Detailed explanationsf how eachassumption might impact measurement

of smoke evolution in fireare providedn contextin Section3.4, wherein the theoretical
derivationof the method applied in this researsltompletedFor now, what is important is

that theassumptions are valid or will introduoaly acceptable levels of uncertairiynen

applied to smoke measuremantire scenarios.

Upon early review, its deemed possible that a variation of the DGiMle used to estimate
opacity of smoke in outdoor ficenarios captured by camera (still or video), since the
particulate matter in smoke is analogous to particulate matter in air pollution which is, in
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fact, sometimes actually smoke (hence, smokestack). However, this appliisatairof
interest in thisvork, since the key parameter of interisssmoke layer height within a
compartment fire. Nonetheless, application to outdoor fires may be worth investigation in
future if the adapted method developed in this thesis proves useful.

There are several obvisulifferences between measurements of smoke/plume density in air
pollution applications and indoor fire scenarios of interest here. Howeverjshase ample
evidence in the literature related to development of DOM that adaptation to fire scenarios
would be feasible. Some tierelated literature, briefly detailed rable2.3, is described

further here. First, accuracy over the full opacity rang&0@%) is criticaffor fire scenarios

which often produce smoke that is dense enough to result in more than 40% decrease in
background intensity (limit of accurate range in the DOCS sygt8in82]). The DOM can

provide acceptable results over the full rang&@0%) d opacity valueg70i 76]. Similarly,

a fire can produce smoke that appears white or black; thus, it is significant that the DOM was
tested over the full range of apty values for both black and white smdKeéi 76].

Lighting indoorsis different than outdoors where the DOM has been tested. While the DOM
does not appear to hakeen used indoors, it has been used successfully in sunny
[70,71,74,76]cloudy[70,71,76] misty[71], and nighttime (front and backliff2]

conditions. This broad range of tested ambient lighting conditiparticularly the low light
nighttime conditions, indicates that extension to indoor conditions encountered in a fire
environment is likely possible.

Using similar logic, it should be possible to extend the DOM for use with cameras having
characteristicslifferentfrom those used in the published work$&e wide range of cameras
used in the development of the DOM contrast method (five different models of digital still
camerag70i 75,77] two smartphone camerp&b], and one camcord§f6]) indicates that

any constraints othe selection of recording devidee to the harsh conditions and lighting
levels encountereid fire experimentshould not impact the applicability of the method.
Further, the successful use of a camcofdefindicates that extensianalysis of images
captured usingideo cameras is possible. This consideration matters beddess of fire
experiments are often recorded as a series of imageméhatemused for analysis.

Availability of appropriate background contrast areas for analysis is asaegetement of
DOM. Maximum contrast can be obtained with wadifined regions of pure white and pure
black in the background; however, as with fire scenarios, this is practicably impossible to
obtain in air pollution applications which are typically isthial or environmental in nature.
The necessary high contrast regions have been obtained by installing checkerboards with
black and white squares in the background of an ie@&2 74,77](e.g, Figure2.10) as

well as by careful selectianf contrast areas in an image based on the existing background
[701 73,75 77]. Studies a application of the DOM method have shown that contrast has a
significant impact on the uncertainty of analysis requbs76] Specifically, higher contrast

35



background areas reduce uncertainty, though usable results can be obtained with lower
contrast in some situations as Weéb,76] The ability to use an existing background and
varying contrast is important to the present work because the images, partitwolselynt
existing fire recordings, do not usually have demarcated black and white areas in the
background.

Air pollution emissions are often monitored for a fixed source like a smokestack. Fires, on
the other hand, can spread, which changes the locatemnake production. Further, smoke
immediately adjacent to a fire can dificult to distinguish from the fire. Thus, adaptation of
DOM for fire scenarios would be far more useful if the smoke could be measured away from
the fire. Smokestacks are designedapidly disperse air pollutigi®3], making it important

that opacity measurement be done close to the air pollution source. Although the DOM was
largely tested with fixed smokestack air pollution soufées73,75 77], fugitive emissions,

those made by sources that are not fixed, were studied on one of¢dkidhe team
studied the dust dAkicked upl[@4]dsghownirtigare s dr i vin
2.11. In this case, the truck is the source of energy that creates the air pollution, yet
measurement must occur away from the truck to avoid capturing the truck rather than dust in
the background areas of@nést in the image. This type of analysis, therefore, is much more
applicable to indoor fire scenarios than that based on emissions from a fixed stack.

This study of fugitive emissions also introduced the concept of analysis using separate
imageg74] as shown irFigure2.11. An image Figure2.11left, was captured immediately
before the truck arrived.é., without dust emissions) and anotheigure2.11 right, shortly

after the truck departed€., with dust emissions). The ability to use separate images is
crucialfor a fire scenario becauses shown irFigure2.12, once a smoke layer begins to

form at the ceiling it is no longer possible to see the background without smoke. Unlike the
fugitive emissions scenario, the fire scenari€éigure2.12is depicted with a video camera
(previous DOM use ifi76]) rather than a still cameta better align with the fire scenario
investigations that are used in this work.

Collectively, early investigations indicate that a-fgecific adaptation of the Digital Optical
Method shows promise for developmentagptical measurement method fovestigating
time-varyingsmoke evolution from video recordis@f fires with application tpast,

present, and future fire scenarlng minimal analyst subjectivity. The faspecific method
presented in this thesis is developed through an iteratieesgsoThe methods used are

detailed inChapter 3with results and discussion @hapter 4 The final chapterGhapter %

details the conclusions and recommendations that are made based on the information in the
coming chapters.
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Image | Image 2

Figure2.11: Diagram of the Digital Optical Method (DOM) applied to a fugitive emission
scenario with an image taken before a truck passes (left) and after a truck passes creating dust
emissions (right)

Image 1
Ceiling

Figure2.12: Diagram of Digital Optical Method (DOM) logic applied to an indoor fire
scenario with an image taken before (left) and after (right) a smoke layer forms
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Chapter 3

Met hodol ogy

This chapteputlinesthe appoach undertaken to develop a new method for measuring smoke
evolution, specifically smoke layer height and optical density, irsttdle fire experiments.
Datafromfuls cal e éburn housedé fire experiments wer
with dewelopment of the theoretical basis throwgveral method iteratioras shown in

Figure3.1. This chapter begins with a description of the details of the apparatus,

instumentation and experimental procedure used to obtain thechl# burn data hirteen
experimentsdetailed inTable3.1,werec onduct ed i n the sUndibvwerrnsi ty o
housed experimental fire apparatus (burn hous
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Figure3.1: Thesis approach 'timeline’ including experiments, theoretical development,
method iterations and existing publicati¢@3,24,84,85]

After a description of the experiments, Secti8rsand3.3detail extant methods that are
used to characterize the smoke layer height and smoke density, respectively. These initial
smoke charderizations are used to gain basic understanding of the smoke progression

during the historical experiments and to develop a set of baseline data for the analysis. With
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this in hand, Sectiof.4 details the theoretical derivation of the radiance method that is
developed. The method is refined through iteratioBention3.5. To close the chapter,
Section3.6 presents the final method in this thesis and summarizes the entire refined method
in a stanéalone maner.

Table3.1: Thirteenburn house fire experiments with firetardant (FR), lightly firgetardant
(LFR) and non fireretardant (NFR) sofa material combinations

Experiment | Material FR Class | Repetition Timeline Ventilation
Al Type A 1of3 Historical Limited
A2 Type A NFR1 2 of 3 Historical Limited
A3 Type A 30f3 Historical Limited
Bl Type B 1 of 3 Historical Limited
B2 Type B FR 20f3 Historical Limited
B3 Type B 30f3 Historical Limited
C1l Type C 1 of 3 Historical Limited
C2 Type C LFR 20f3 Historical Limited
C3 Type C 3 of3 Historical Limited
D1 Type D NFR2 1ofl Historical Mixed 1
E1l Type E NFR3 1ofl Historical Mixed 2
F1 Type F NER4 1of2 New Limited
F2 Type F 20f2 New Limited

3.1 Burn House Experimental Apparatusand Procedure

The experimental apparatus and procedure are detailed first to provide context for the data
used as the basis for development and refinement of the methods described in this research.
The experiment reference namegy( experiment A1) showin Table3.1 are used going

forward except where the experiments are grouped by type when all repeats of that material
type are includede(g, Type A experiments = @eriments Al, A2 and A3). This naming
convention was selected because it indicates the material type and, where relevant, repetition
which is the information crucial to the analysis in this work.

The experimental set up used in these experiments has litéieadin detail elsewhel86i

90] but, for context, an overview is provided belduweven (11)of thel3 experiments

(Types AE) preceded this work so represent historical data and the remaining two
experiments (F1 and F2, instrumentation detailed in Se8tiof that were conducted using
the modified instrumentation employed for this analysis. All experiments were conducted in
the full-scale, twestorey, steel burn housechted at University of Waterloo Live Fire
Research Facility and shownhigure3.2.

The interior layout of the burn house is showikigure3.3. The main floor consisted of the
fire compartment (living room), main floor SW room and main floor corridor. The second
floor had a smaller SW room and larger SE room connected by the démamcbrridor.
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The two floors were connected by a set of stairs. There was also a sealed, centratshaft th
housed the primary thouse data acquisition equipment.
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Figure3.3: Original burn housexperimental apparatusstrumentation layout, borrowed
with permission fronj89]

For the experiments, the livingem was outfitted with aofg chair, coffee table, and end

table (visible inFigure3.4a)). Type A, B, C and F sofas were three cushions wide. The Type
D and E sofas were two cushions wide (sometimes called a loveEssat)sofa was ignited
using a British Standard 5852 crib f4] (i.e., consistent ignition heat source) and allowed

to burn unimpeded.
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The nine Type AC experiments were used to established repeatability and the impact of fire
retardants in the custebuilt sofa materials on the fire growth and development. The burn
house was sealed for these experiments to represent an dixyged enuronment. Tests

with each sofa type were repeated three times. Results indicated that the fires established on
the Type A, B and C sofas resulted in different fire and smoke progression but tests for a
given Type of sofa were repeatable relative to othikistale fire experimen{86].

The D1 and E1 experiments were conducted with twefmemetarded fuel combinations

and different, mixed ventilatroconditions. The burn house was not sealed for these
experiments, and the East door near the sofa was clog22dl aecondand337 secondsto
experiments D1 and E1, respectively. Therefore, the fire growth and development were at
least partially fuelimited, rather than being limited by the ventilation, and thus quantity of
available air. As a result, the fire and smoke progresgee anticipated to be different for
each of these two experiments, as well as relative to that observed in the-Type A
experiments.

The two Type F experiments were trial burns.(instrumentation checks) for a series of
experiments to be conducted. As in the Typ€ A&xperiments, the burn house was sealed for
experiments F1 and F2 to represent an oxytopeited environmaet. The fire and smoke
progression for these experimentsre expected to be repeatable between F1 and F2 but
different relative to the Type & experiments due differences in sofa construction and
materials from any of those burns.

Thus, as listed ifable3.1, thel3full-scale living room furniture fire experiments captured
results for six different furniture material combinations (material Typ&3 And four sets of
repeatable experiments (Type A [x3], Type B [x3], Type C [x3] and Type F [x2]). Each sofa
had flexible polyurethane foam cushions wrapped in fabric and together the different foam
and fabric material combinations (TypeFA were non fireretardant (Type AD, E & F),
fire-retardant (Type B)or lightly fire-retardant (Type C). The ignition heat source (British
Standard 5852 crib #81]) was consistent for all experiments. Ventilatlonited

conditions were present for the Type A, B, C, and F experiments. Therefore, fuel source
(furniture material) was the primary difference between those experiments and each material
was expected to have different smoke evolution properties. Conversely, repeat experiments
were expected to exhibit similar smoke evolution. Ventilation conditions @ld/aried in

Type D1 and E1 so each of thageredistinct from all others. These expectations are the
important takeaways for the upcoming analysis: under similar ventilation conditions the
same materialshouldhave similar smoke evolution and diffetenaterialsshouldresult in
different smoke evolution.
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3.1.1 Original Instrumentation

The instrumentation layout shownhigure3.3 is from thell historical fire experimets in

the burn house. The instrumentation included load cells, thermocouples, a heat flux gauge,
video cameras, smoke and heat detectors, velocity probes, and oxygen and carbon monoxide
gas sensors. The thermocouples and video cameras are relevanvtwkhi3etailed

information on the other instrumentation has been documented by &alg86]. Output

signals from the load cells and thermocouples were fed into a National Instruments (NI)
Compact FieldPoint data acquisition (DAQ) system which samplectdatg 1.1 seconds

[86] during the experiments. Temperatures were measured usuaLgé, Type K

thermocouples, with ceramic insulation and Inconerbkaid, installed in vertical
Aithermocoupl e rakeso ipdrmitedirgedepandenttmeasuresnent uct ur e
of temperature at each thermocouple location (x, y, z) and determination of vertical
temperature gradients at each thermocouple tragéquoéx, y). Three stationary security

cameras were located inside the structure with Camera 1 (Cam1) viewing the living room,
Camera 2 (Cam2) viewing the sofa, and Camera 4 (Cam4) viewing the upstairs landing,

while the final camera (Cam3) was mountetsale as shown iRigure3.4.

2015-07-06 12:46:23 b) J 2015-07-06 12:46:23

i Al

e

Figure3.4: Time-synchronized images from experiment Al of a) Cam1 (location: living
room view: broad), b) Cam2 (living room, sofa), c) Cam3 (extei®&lcorner), and d)
Cam4 (second floor SW room, seceffabr corridor).

The video cameras used in the Typ€Axperiments were Lor&MC7572cameras with a
Q-Seé QC958digital video recorde(DVR). The same model of DVR was used in
experiments D1 and EThe video camera models were not recorded at the time dditter
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experiments and the video recordings make it clear that a combination of cameras were
installed. The ameras could havacluded Lore® CVC773%C (possible for Cam3)Q-Seé&
QCA7207B(possible for Cam#) and/or QSe& QTA8027B(possible for Cam®). Videos

were recorded at 30 frames per second (fps) for all cameras in all experiments, except for
Camz2 and 4 in experimentsland E1 which were set to record the video at 15 fps. The

Type A-C experiment videos were recorded exclusively in 480p (720x480 pixels) while, in
experiments D1 and E1, Caml, 2, and 4 were recorded in 720p (1280x720 pixels) and Cam3
was recorded in 960HD60x480 pixels). As a result, the resolution of images does change
from test to test as well. A summary of these camera details is providiadlaB.2 for

reference.

Table3.2: Type A-E experiment camera equipment

Camera DVR Recording| Resolution
Type AC | All4 Lorex® MC7572 Q-Seé QC958 30fps 480p
T D Caml 2 Possibilities Q-Seé QC958 30fps 720p
yze Cam?2 2 Possibilities Q-Seé& QC958 15fps 720p
Type E Cam3 3 Possibilities Q-Seé QC958 30fps 960H
Cam4 2 Possibilities Q-Seé QC958 15fps 720p

Some of the temperature and video data from Twieexperiments were used to
characterize the smoke evolution using existing smoke layer height and density estimation
methods (Sectiorn3.2and3.3, respectively). The radiance method was theoretically derived
(Section3.4) and then the characterization was used as a baseline for comparing the new
method results as the method developed through iteration (S8diidn Video data from

Type AE experiments was used in the iterative method development process (Séc8on
However, questions remained that could lmtanswered with the existing historical data so
the instrumentation (and associated procedure) was altered in the new experiments with the
intent of answering those questions. The relevant changes to the instrumentation and
procedure are detailed in thext section. The method for the final iteration of the radiance
method is detailed in Secti@6.

3.1.2 New Experiment Instrumentation

For the new (Type F@xperiments, the burn house configuration and general experimental
procedure (detailed in Secti@nl) remained the same as in historical (Typ&A

experiments exces it pertains to the revised instrumentation used in the present research.
Numerous analyses were condud@&d 89,92 94] in the years between the TypesAand

the Type F experiments which resulted in man
experiments F1 and F2. As a result, the instrumentation was changed for the Type F

experiments. In particular, a new systemofcootl | ed contrast o6checker!l
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video cameras were installed for the smoke evolution analysis as outlined after the general
overview of the test instrumentation and setruigure3.5 below.

W Legend
<) Cameras O Velocity Probes
S N Thermocouple Rake ® Velocity Probe Rake w/ TC
E O Gas Sensors —— Checkerboards
® HFG
7.2m j 7.2m
69m
W3 D2 V4 6.98m
Liay o
v By T B CBY IH
5 IO 'Eﬁ 0 cBilB
: Main Floor CBIA
107
SW Room N - Elecond
v Secand Floor oar
cBi C SW Room Corridar
- 1.25m Main 3Tm
Floor
Corridor
84m  798m 125 e 818m B4m
CBS ,|
I I
85m a4 Sm
cet + *0 i W
iving
s l:l Room UCBZ Second Floor
\,<> a) SE Room
oo @ oer
T T T T
4‘.9 mv" 4“1.1 m ﬂf
[P Wi o1
o

Figure3.5: Burn houseexperimental apparatwsdeo analysis instrumentation layout for
Type F experiments

The revised layout for the Type F experiments is shovigare3.5. This layout details the
locations of the video cameras (V) and new video analysis checkerboards (CB). For clarity in
upcoming analysis, the historical videoreas are denoted as Carhvhile the new video
cameras are denoted as-¥8. The windows (W), doors (D) and sofa and chair locations are
noted for reference. The instrumentation also included load cells, thermocouples, heat flux
gauges, smoke detectorglacity probes, and gas sensors for several gas species. Only the

i nstrumentation
are discussed in detail here because they were used to collect the additional data used in the
final sections of the present research.
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intent to include specific dark and light areas within each camera image to ease later analysis
of smoke progression witinte. These were modelled after the background boards installed

in the Digital Optical Metho(l70,72 74,77]to ensure that known areas of white and black
would appear in each camera image used in that analysis. Unlike the near normal ambient
temperatures related to applications using the Digital Optical Metiooekver, the
chedkerboards in theew burn housexperiments had to survive harsh, high temperature fire
44
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and smoky environments. Thus, the checkerboards were constructed usimgnlthi¢k

light duty drywall with high temperature paint, as showfigure3.6, to be able to handle
the extreme conditions. Drywall was selected
readily available and was known to survive high temperature, fire conditions with the main
failure mode being that the paper lining on the drywaths or flakes off95]. Since high
temperature paint was applied to the surface of the drywall, ibefssvedthat heavier duty
drywall (including fire rated drywall) was unlikely to have sufficient added benefit to justify
the increase in cost and weight of each board. To fit within thidasle space in the burn
house, the 4 by 8ft (1219mm by 2438nm) sheets of light weight drywall were cut in half
to make standard checkerboard background boards of dimenisibp ft (610 mm by
2438mm).

10-03-2019 10:58-07 AW

Figure3.6: Camera V2 view of checkerboard CB2 a) before flip (experiment F1) and b) after
flip (experiment F2)

Post fire analysis and analysis of the video traces from previous experiments indicated that
soot was deposited on the compartmentsv@ince no quantification of these deposits had

been made during the tests, soot deposit could not be accounted for in the analysis of Type
A-E experiments. This was taken into consideration in the design of checkerboards for the
Type F experiments sind¢ke deposits could impact the measurement of smoke evolution. It
was also anticipated that the stratified smoke layer might preferentially damage the top of the
drywall over the course of an experiment, so the checkerboard paint was applied in a
vertically symmetric pattern. In that way, the checkerboard could be flipped (top to bottom),

as shown irFigure 3.6, between fire experiments when only the top half of the bioaadd

been impacted or damaged by smoke. Similarly, undamaged but soot covered checkerboards
were designed such that they could be cleaned between experiments to minimize the number
of replacement checkerboards required for a long experiment series.

Severalkonsiderations were taken into account with respect to applying the checkboard
pattern to each of the drywall sheddsywall has paper on both sides, one side is light grey
and the other is brown. To ensure that the white squares were as white as,pbgsible

decided to apply the paint to the light grey side of the drywall. In addition, to test whether the
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light grey side of the drywall was light enough that it could be used as a light area of contrast
two sets of boards were made. Some were paintiddoweth black and white squares and the
others were painted with black squares only and the final results compared.

Several high temperature paints, available at local hardware 6r&9], were considered

for application of the squares on the checkerboards. Given the potential for damage to the
boards during an experiment, the paint eémoseeded to be cesffective, as well as resistant
to smoke layer temperatures. Thus, options were compared based on temperature resistance,
cost, and availability in both black and white as summariz&alnte 3.3 [96i 99]. Of the

options listed, only twavere available in both black and whj&si 99]: Rustoleun®

Specialty High Heat Enamel and Trem&adigh Heat Enamel Gloss. From these, Rust
oleun® Specialty High Heat Enamel was selected because it could withstand high
temperatures, cost the least and was available in both black andWakigaint spray can

label notes that the paiténds to offgasthe first time it is heate 00] which might have an
impad on gasensomeasurementsut quantifying the impact is beyond the scope of this
work.

Table3.3: High temperature paints considered for use on the checkerboards

Product T[?(r?]p. [CC::XE)t] B&W Ref.
Rustoleum® Specialty High Heat Enamel 648 | $11-13 | Yes [96,99]
Rustoleum® Automotive High Heat Enamel| 1093 | $1415 | No [96,97]
Tremclad® High Heat EnameélFlat 650 | $1215| No [97]
Tremclad® High Heat EnamélGloss 350 | $1315| Yes |[96,98,99]
Tremclad® Hidh Heat Enameil Flat (orush on) | 650 $26 No [97,98]

Black and white squares were made on the light grey side of each drywall board by
overlaying areawhere a specific paint colour was not desired with 130® by 300mm

ceramic tiles. A can of spray paint was put into a spray can holder and each colour applied as
evenly as possible until the desired checkerboard pattern was complete. Each board was left
to dry for about 1 hour (until touch dry) before being moved tanstallation storage. The
checkerboards were installed in the burn house at the necessary locations prior to experiment
F1. All checkerboards remained in place until just prior to expetifi2m@at which point
checkerboard replacement, flipping and cleaning was completed. Each checkerboard was
either fastened to the drywall/concrete board on the burn house walls with drywall screws
(main floor) or leaned up against steel walls (second flotg.height of each checkerboard
division (from the floor) was recorded to facilitate the pegberiment smoke evolution
observations and calculations. Regperiment, checkerboards were inspected for damage

and any damage or destruction was noted irexiperimental log for that test.
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Video Cameras

Security cameras and the associated DVR systems are typically used at the UW Fire
Research Lab for recording ftdtale fire experiments in the burn house because of their
relatively low cost, ability to beyschronized in time, and remote data storage capability.

They were used in the experiments discussed in this research primarily because of their low
cost and the option for remote data storage since the likelihood of damage or destruction of
the cameras #imselves was high in full scale fire experiments such as those being studied in
this research. Although destruction of at least one camera in a given test was almost
guaranteed, the video recordings obtained prior to damage to the camera were deemed to be
worth the cost of the camera. Further, time synchronized images were required for the
present tests in order to better follow, and thus obtain valuable insight into, the development
of the dynamic fire environment. In the present case as well, they feranth method by

which to visualize the progression of the smoke in the compartments. Finally, since security
camera footage is commonly available in fArea
experiments might also allow extension of the methods fomug®e investigations.

In contrast to the cameras used to videotape the historical fire experiments, the security
cameras chosen for the modified experimental methods developed during this research were
specifically selected for the purposes of smokewdiat analysisFour additional factors

were considered. They were recording speed, durability (against temperature, soot and
water), mounting flexibilityand image resolution. All except image resolution were quite
straight forward to determine. Sinceake progression can be captured at relatively low
recording speed¢he recording speed did not prove to be a major consideration here and was
selected to be 30 frames per second (fps) for the purposes of other future analyses

Conversely, theamera durability related to temperature, dust, and water resistance of the
cameras was an important consideration. Although neclaost security camera was rated for
operation at the high temperature encountered during a fire (&A@ cameras facindghée

sofa), they can be rated for Aextreme cl i mat
temperatures of up to 6C [101]. Despite being wrapped in insulation, small amounts of

exposed plastic on cameras close to the fire was still of conceammwas with plastic

housings were used at positions remote from the fire and less likely to be engulfed in high
temperature fire gases while camera(s) closer to the fire were ideally outfitted with metal
housings. The environmental rating, or Ingress Etiate (IP) rating for each camera was

also relevant because it indicates how much destgoot) and liquidi(e., fire fighter spray)

would ingress into an exposed camera. Both IP66 and IP67 cameras completely protect

against dust ingre$$01]. IP66 limits water ingress with low pressure water jets from all

directions while IP67 cameras limit water ingress with strong water jets from all directions

[101]. | P66 and | P67 camer as ,thaefozedondideedtobee xt r e me
sufficiently durable for these fire experiments. Another important factor considered in choice
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of camera for these experiments was the mounting flexibility because of the odd mounting
positions required to properly position cameras to view tkeldioards or other important
features of the fire environment. While the above three factors probably apply to a broad
range of fire experiments, the final consideration, image resolution, was more complex and
experiment specific as discussed below.

The desired image resolution was determined based on consideration of the possible camera
and checkerboard locations coupled with positions deemed as the best to facilitate the smoke
progression analysis. For this, camera positions used in previous experiraents w
supplemented by installation of cameras at additional positions where interesting aspects of
smoke progression could be captured in areas of the house not observed by video in the
previous experiments. At the same time, the checkerboards had toble teishe associated
camera but could not interfere with the other planned instrumentation, which necessitated
compromise on all sides. Finally, since the video recordiegs used to gather more

information than just smoke progression, the final carpes#ioning had to accommodate

other data collection as well. In the end, 16 camera (11 isdodr5 outdo) and 10
checkerboard locations were agreed upon as detailEabie 3.4.

Table3.4: Video camera details (all experiments)

New | Historical | Checker | Floor/ Location View
Camera| Camera board Ext.

V1 Caml CB1 Main Living room Living room broad
V2 - CB2 Ext. South window Living room broad
V3 Cam?2 - Main Living room Sofa (left)
V4 - CB4 Main Living room Sofa (centre)
V5 - CB5 Main SW room SW room (East)
V6 - CB6 Main SW room SW room (North)
V7 - CB7 Main Corridor Corridor (East)

. - Corridor (West) &
V8 - - Main Living room Stair Iandi(ng (m)ain)
V9 - CB9 Main | Stair landing (main)| Stairs & landing (2
V10 - - 2"d | Stair landing (2 Stairwell
Vil | Cam4 |CB11A&B| 2 SW room SW room (North) &

Stairlanding (29

V12 - CB12 2nd SE room Corridor (West)
V13 Cam3 - Ext. SE corner South & East sides
V14 - - Ext. NW corner North & West sides
V15 - - Ext. East side East window
V16 - - Ext. South side South window

Once the checkerboard acaimera locations were determined, available cameras with
resolutions of 960H (960x48tx), 720p (1280x729x) and 1080p (1920x108ix) were
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tested to determine the ideal resolution for these experiments. A test board with black and
white areas oknown dimensions was placed approximately at each checkerboard lpcation
and a short recording was captured by each camera that was similarly placed at the
corresponding angles and positions. A representative image was selected from each
recording; see, foexample, the composite shownFigure3.7. From these imageshe

number of pixels contained in each black and white block of the test board was determined.

(CER080015 02:32 15 P

960H ©60x480 px)  720p (1280x720 px) 1080p (1920x1080 px)

Figure3.7: Representative images for the V1 and CBL1 location at 960H (left), 720p (middle)
and 1080p (right) resolutions displayed at 15%hefr original size.

Ideally, it was desired to increase thmber ofsmoke evolution measurement poinighin

the vertically stratified smoke layer and areas of 10x10 pixels worked well for the DOM
contrast methof76]. Thus,a value of 10x10 pixels per @®nm? was sought because this

would allow each 306hm x 300mm square in the checkerboard to be divided into at least

three vertical segments. The procedure iaidid cameras araheckeboards needed to be

placed relatively close together to achieve a resolution of 10x10 pixels@emiwith

960H (smallest resolutioncameras, while that resolution could be obtained for all but one
camera and checkerboard pair with 108@8pgest resolution testedameras. As a result, it

was decided to use cameras with 1080p resolution and 30 fps with IP66 or IP67 housings and
flexible mounts in experiments F1 and F2.

Cameras from Lorex, @ee and Swann were investigated. Each had plastic cameras that
could satisfy the requirements, but metal cameras were much more difficult to locate and
were also more expensive. Therefore, metalezasywere purchased only for locations at

which the camera might be exposed to very high heat and plastic cameras were used for the
remainder of locations. Since it was preferred to buy all cameras from a single manufacturer,
Lorex? LBV2531U (plastic)102] and LBV2711 (metal)103] cameras were purchased in
conjunction with a LorekxDV900 DVR[104]. The DVR was seleatbecause it was

compatible with the cameras selected, was able to record up to 1éytcteronized 1080p
camera feeds at 30 fpmnd offered storage capacity adequate to hold video recordings from

at least one full living room furniture fire experimehime-synchronized images from the 12
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camera views (V412) recording fire and smoke progression inside the burn house are shown
in Figure3.8.
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Figure3.8: Time-synchronized images from cameras with interior views {21210
secondsfter ignition in experiment F1

Two metal cameras were installatthe locations directly facing the sofa that was ignited

and burned (V3 and4). Plastic cameras were installed in the remaining 14 locations. A
diagram of a typical camera installation is showfigure3.9. BayonetNeil-Concelman

(BNC) cablegprovided both power to the cameras and data connections from the cameras to
the DVR. The male BNC cable ports on each individual camera were connected antt the 60
(18.3m) BNC cables run out of the house along a route that would experiereaghe

possible exposure to high temperature gases to a junction location. fetfesieale

connectors were used to join the BNC data ports while the BNC power ports were directly
connected at the junction location. The seconit 68.3m) BNC cable wasong enough to

run to the remote instrumentation station. Here, the data ports connected to the DVR and the
power ports were connected, through a series ofdanrera power splitters, to the

appropriate power supplies. After installation and camera aligirtiee cameras and BNC
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cables on the main floor were insulated to further protect them from heat exposure as much
as possible.

Instrumentation Outside House

Station A
Power

Camera

o
o
-

BNC
Cable

BNC Data
Connector

Figure3.9: Video system connection diagram

Prior to each experiment, the feon each camera was cleaned and the camera angles
reviewed for alignment and repositioned as necessary. Once everything was positioned, and
prior to each experiment, aRite ColorChecker Video XL unit (camera calibration tool)

was held in front of eachamera and checkerboard and a short vidasrecorded. Finally,

all cameras were set to record at least two minutes of video prior to ignition to increase the
likelihood of capturing a good piignition reference image. Video was then recorded for the
entire experiment. Once it was deemed safe-#enter the burn house after an experiment, a
white piece of printer paper was held up in front of each camera and checkerboard and
another short video clip recorded for use later in estimation of soot depesitiocamera

and checkerboard. Cameras were also inspected for damage, and any damage or destruction
noted in the experimental log for that test.

Having now covered the experimental methiod possible tanove on to the analysis
methods used in this thes

3.2 Initial Smoke Layer Height Characterizations from Full-Scale Data

Five different methods were employed to estimate the smoke layer height in experiments A2,
B2 and C2 which represented Type A, B, and C materials, respectively, as outlined in
Section3.1.1 Where possible, these methods were employed in the living room (fire
compartment) and upstairs (far from fire compartment) in order to cover the full spectrum of
possible scenarios observed in the experiments. First, an obsesedranalysis method was
used to estimate smoke development from video recordings using distinct height markers
included in the images. Theanalytical method#ere used to predict the smoke layer
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height. Finally, three temperatusensor based smoke layaight estimation methodkat

are the most common presetaty methods, the specific value;p@drcent rule and integral

ratio methods, were used to estimate the smoke layer height in each of the experiments. Each
of these methods is described in moreitlgtdhe subsequent sections.

3.2.1 ObserveiBasedEstimates

Observethased analysis was conducted on images taken from video recordings captured by
Caml (living room broad), Cam2 (living room sofa) and Cam4 (second floor SW room and
stair landing) shown ifrigure3.4 a), b) and d), respectively. Following the path of smoke
movement, the living room (fire compartmends detailed firsbeforethe physically distant
second floor. In all cases, the smoke layer height was estimated, by observers of the video
recordings, to be equal to the height of smoke above the floor at a time when the bulk of the
smoke layer visually reacti®bjects of knowrheight.

Asnotednt he earl i est smoke | ayer height estimati
inevitabl e i n t h[26§Thds,itondnimiefthe subjectevity inlaetemtmn . 0

using a single visual observation, three independent observers estimated and recorded the

time when the bulk of the smoke layer reached each marker to obtain a range of possible

values. Unless otherwise noted, three obsewers usedor all observations in this work

and the same three individuals always estimated times for smoke to reach specific marker

from a given camera view. Howevdhge three individuals were not the same across the

analysis of all different markers @experiments. In total, six individuals made observations

used in this work.

In the broad living room view of Cam1 video recordings, observers estimated when a distinct
(but Athinodo) smoke | ayer @m)doirdicateshiearliest si bl e at
smoke layer presence in the experiment. Obseal®rsstimated when the Cam1 view was

fully obscured by smoke and this was taken to be the time that the smoke layer reached that
camera height (z=0.414).

In the Cam2 view of the living room, timeights of the top and bottom of the window above
and behind the sofa are known (z=1.88%nd 1.350n, respectively) and were used as
visual markers for analysis of all of the recordings. Observers estimated and recorded the
time when the bulk of the srke layer reached the top, and then the bottom of the window
for each experiment. Observaiso estimated when the Cam2 (z=0.690view was fully
obscured by smoke.

On the second fl oor, observers againsestimate
first visible at the ceiling (z=2.60®). The door soffit and handle (z=2.12band 1.120n,

respectively), and horizontableam (z=1.050n) were also used as known height markers

from the Cam4 recordings. For these videos, observers estimated adetithes as well as

the time that had elapsed until the camera view was fully obscured by smoke (z2zn.300
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Finally, a more detailed smoke layer height analysisagasguctedising Cam2 video

recordings of experiments A2, B2 and C2. The smoke layertheaghestimated by creating

a 20 pixel by 20 pixel grid in Microsoft Paif#t05] and overlaying that onto the Cam2
recordings of the three experiments using Filmora soft{i®@]. An example image

extracted from the recording with overlaid grid is showRigure3.10. Two individuals

watched each video recording together ageed on the location of the smoke layer height

at 10second intervals through the recording. If the smoke layer was located between the top
and bottom of the window, the number of pixels down from the top of the window was
counted and recorded. The Heigf the smoke layer was later calculated using the known
dimensions of the window.
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Figure3.10. Cam2 image with grid overld94]
3.2.2 Analytical Method

As a comparative measure to the obsebased analysis outlined above, two common
smoke layeanalyticalmethods (detailed iBection2.4) were selected to estimate the smoke
layer height in the fire compartment (living room) for experiments A2aB2C2. The
empirically derived NFPA standard §& and theoretically derived Tanaka & Yamdm@]
smoke layer heighanalysesvere selected because variations exist forcamstant heat
release rate fireorres90] showed that a simpl8 heat release rate (HRR [kW]) fire
growth curve could be used to represent the heat release rates of the A2, B2 and C2
experiments in the early stages of the fire (approximately the first 350, 400 and 700 s,
respectively)t? HRR fire growth curves have the form shown in Equafidrfor SI units
(1055 kW = 1000 BTU/s) when there was an incubation period. The fire growth curves based
on the incubation timey, andUas determined by Forrest for experiments A2, B2 and C2
[90] are shown irFigure3.11. Also shown is the growth timé, calculated using Equation
3.2 for when there was an incubation time. Wherever Type A, BCarebults are plotted
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together going forward thegrerepresented by red, navy blue, and light grey (appearing
medium, dark and light grey if in greyscale), respectively.
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Figure3.11: t? heat release rate curves for experiments A2, B2 and C2 with incubation time
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The Tanaka & Yamana method for calculating smoke layer h&gdt[m], at time,t [s], of
at?fire is shown in Equatiog.4.

j _
Ho W30 0 go) 33
o U Q

This equation is slightly modified from the geneEiguation2.4. First,n=2 for at? fire

growth curve so that value has been substituted accordingly. An incubat&®m {sh has
been added to Equati@B becaus¢he methodapplication in Part 2 of the work makes it
clear that an incubation time should be applied when applif2®|¢though it did not
appear in the original Part 1 derivatid®]). Both U[kW/s?] andto [s] are taken to be the
values determined by Forrd80]. The calculation was intended to be used based on the
height from the base of the fire to thalimg so a correction, shown Figure3.12, was
required when this was not the case. In these experiments, the firedasef& cushion)
wash, = 0.543 m above #hfloor so this term was added after the prescribed smoke layer
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height calculation witln being the distance between the base of the fire and the déilihg
(h=1.807 m) in order to be comparable to other smoke layer height estimations. For
simplicity, the constank, was selected assuming standard temperature and pressure in the
ambient environmerjiL7]. Given the dependence on the heat release rate curve, this
calculation can only be applied to the fire comment, hence the constant creestional
area,A = 13.8 nt[90], was that ofhe living room. Finally, this equation assumes no vents or
openingsi(e., doors or windows), therefore it was likely to give a conservative estimate of
smoke layer height given that there were openings into the corridor and SW room on the
main floor andhe stairwell to the second floor in these experiments.

- - A
Figure3.12. Smoke layer height calculation diagram with height of fire bage>(@ at time,
t, whereby the smoke layer height, Z, from full ceilmgght, H, was calculated after

determining the smoke layer height above the fire base, z, using the ceiling height above the
fire base, h

The NFPA 92 standard smoke layer height calculafigesa [m], at time,t [s], for t? fires is
shown in Equatio.4.

o mwp® 6 6 o '@l bjq | 0 a4

Modifications have again been made to the standard NFPA 92 calcyi&tton
accommodate the height of tfhiee base i) and incubation timetd), as described above.
Similarly, the constant crossectional area, A, was of the living room as this calculation also
only applies to the fire compartment. However, in this case the heat release rate curve was
applied through the growth timg,, that was calculated using Equat®8 for each
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experiment based on theandUdetermined by Forre§®0]. This empirical correlation was

tested only on scenarios where 0.8/k? < 14andz> 0.2 [7]. The results of this

calculation are also expected to be conservative because, not only does it assume no vents or
openings as irhke T&Y calculation, but it waseriginallyd e vel oped

of smokef{6,40het hods
3.2.3 Specific Value Estimates

based

The smoke layer height as it varied with timas also estimated for comparison with
observetbased analysis using the specific value direct method, detaisttion2.3.2
based on a specific threshold vabfeneasured temperature. To align with smoke
development estimated in the Dalmarnock-fdale sofa fire experimeni2], the
progression of the smoke layer height with time was estimated to be locatedivehere t

temperature reached 100, though no explanation for that threshold value was provided in

on

their researchThis analysis was conducted using four thermocouple rakes, T2, T3, T4 and
T7, with locationsshown inFigure3.3 and individual thermocouple heights listedTiable

3.5.

Table3.5: Thermocouple heights on rakes T2, T3 and T4 (living room), and T7 (2nd floor

SW room)

Living Room (Main Floor) 2" Floor

Centre Corridor Side | SW Corner| SW Room
T2 T3 T4 T7

2.28 m 2.28m 2.28 m 2.30m
2.06 m 2.06 m 2.02m
1.87 m 1.87 m 1.75m 1.83m
1.65m 1.65m 1.65m
1.43m 1.43m
1.24m 1.21m 1.24m
1.03 m 0.99m
0.55m 0.52m

As with the Dalmarnock experiments, the temperature detalinearly interpolated

between measurement points so 10@ould be located at any time when dlfbetween the

top and bottom thermocoup22]. If all thermocouplesvere below or above 10T, then

the smoke layer was assumed to be out of range for the smoke layer height calculation. The
Dalmarnock experiments used the 2@isotherm (horizonal plan§l?2] so the living room

smoke layer heighZio-c,Lr[M], was calculated bgrithmetically averaging estimatef
smoke layer heightased the heights at which a 1@temperature was registered on

thermocouples in eachermocouple rakeithin the room of interestf all thermocouples on

a given r&e indicatel temperatures thatere out of range, that rake was not included. Thus,
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if the T2, T3 and T4 thermocouple rakes all indidateeasured temperature value thvate
in range, the living room smoke layer heighiyec,L.r, Wascalculaedas shownn Equation
3.5 for a given point in time.

A B O B O

A 5 35

To compare smoke layer height results with the obsdrased method, the smoke layer
height estimate for the second floor was based on temperatures in the S\Wheoenthe
only video camera on the second floor wastedaThe thermocouple rake in the second
floor SW room was T7 so its value was used to determine th&CLR@therm for that room
(i.e., Ziorc,2sw= Ziocc,T7).

3.2.4 N-percent Rule Estimates

The Npercent ruld9], detailed inSection2.3.3 was used to estimate the thermal interface
height athermocouple trelcationsT2, T3 and T4n the living room and T7 in the second
floor SW room (locations and heights showrrigure3.3 andTable3.5, respectively)

These values were then compared to the obsbagd values (outlined in Sectid.]).
Temperature was selected as the parameter of interest bedaasbaemostcommonin
practice, and the thermocouple rakies.(vertically stacked thermocouples that could
measure ahermal profile) were well situated away from walls and doorways. The velocity
probe rake at the stairway entrance in the living room (showigimre3.3) was not used
because it was located at an opening and measured velocity; batkeofabtors lend
themselves to measuring the neutral plane across the opening rather than the smoke layer
height of the room.

The method is described by Equat® as
. . 0 . .
Yo 0D Yo O m — ao®Ya M Ya hb T 36
pTITT :

over the course of each experiment, temperature data at {sheand heightz[m] above
the floor, wereused to calculate a smoke layer height temperaf{zd) [K]. This was the
sum of the initial ambient temperatufi€zop,t=0 S), wherezop was he height of the top
thermocouple in a rake at the position being analyzed, goerdént of the difference
between the maximum temperature value, M@,t)], measured up to the time of
calculationt, and the initial ambient temperatUeg.

These valuewere then compared to the measured temperaf(zd) [K], and the smoke
layer height at that time was estimated to correspond with the lowest height frooothz fl
where this interface temperatufiéz,i), occurredor was exceeded as showrFigure2.5.
Linear interpolation betwedamperature measurements from different heightise same
thermocouple rake/as used as suggedby the NFPA92 standard6]. The initial term in
Equation3.6, T(zop,t=0 s), deviates slightly fronEquation2.2 because, based on review of
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the experimental results, it was determined that the ambient temperature at the top
thermocouple was i@asonable representation of the ambient temperature at all heights in the
compartment. The {percent rule only appliewhenY'Y 0Ojp mm@ doYa D

Ya B T T® + to account for instrument err{#].

TheN values that have been used i¥pBrcent analyses reported in the literatreedetailed

in Table2.1. In the present research, varidligsaluesare tried to assess amge of

approaches that have been used previously. Valub3 and 20 were selected the basis

thatthis was the rangasedin the original wor9], thiswasthefif i r st i ndi cati on o
as defined iINFPA 92 standard6], and mostesearch to date hasel values in this range

(seeTable2.1). At the other end of the spectrunm Id value of 90corresponddto the top

end of the NFPA2 standardangeof80-9 0 f or kteh é afyem|6].iFimallye r f ac e o
N=50isincludedbecause its the midpointof the percentagenge (6100%) so provids

insight between the two common extremBsus,N values of 10, 20, 50, and @ used in

this portion of the analysis

3.2.5 Integral Ratio Estimates

Smoke layer interface can also be estimated using the integral ratio method and-the least
squaes method detailed iBection2.3.4[13]. The more popular integral ratio method
[20,21,49,86)was selected for use in this work for comparison with the obsbassd

analysis results. The integral ratio equations for the upper layand lower layenm,, are
shown in Equation8.7 and3.8, respectively, whiclare solvedusing temperaturel} profiles

for each possibleeight,hr, and every timestep as shown iRigure2.5. The smoke layer
height Zin(rt), at a particular point in timés the height that results in the lowest total ratio,
r, as shown in Equatio®9.
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The integral ratios relate to the uniformity of the vertical temperature profile in a selected
region or zone of a space, with a value closer to 1 representing more uniformity of that
parameter in the zone of interest. To apply the method to analysi®ké sayer height, the
compartment of interest was first divided into an upper and lower layer with the potential
interface heighth [m], falling somewhere between the floa=Q [m]) and the ceiling

(H=2.35 [m]). With these two zones, the sum of the gntd ratios for the upper layet, and
the lower layerr, would reach a minimumi., closest to 2) when the upper and lower layer
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could be divided into two regions, collectively with the most uniform distribution of the
measurement parameter at atipatar point in time. The height of the interface between
these two regions was the smoke layer heighd) @r that time.

Temperaturés selected as the parameter of interest in the integral ratio analysis for the same
reasons as it selected for the Jdercent rule, as well as to present comparative analyses
based on a consistent measured variable. Unlike with previous methods, ascchse any

units, absolute units of the chosen paramateused for the integral ratio method and the

value of that parametelid not change from positive to negative at any pgiBi. Thus,

when the parameter of intereésttemperature, units of Kelvin [Kdreused.

Following the approach ¢13], values of measured temperature for a given thermocouple
rake were linearly interpolated by assuming the thermal profiles of theli@waz+b to

connect temperature measurement points. The function representing the continuous vertical
profile of temperatures divided into linear segments such that ttaeed intervals in the

lower layer ) andu intervals in the upper layeH¢hy). If z andz.1 are the height at the top

and bottom of each segment in the upper lag@n@z-1 in the bwer layer), then Equations

3.7 and3.8 canbe expressed numerically as Equati8ri® and3.11 respectively. In this

work, Equations88.10and3.11 are solved at 20nm vertical intervals within the compartment
and their sumare used to determine the interface height per Equattbn
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3.3 Initial Smoke Density Characterizations
Relative smoke density was characterized using both-samallfullscale data. First, the
smoke density chamber was used to estimate and rank smoke density for representative
samples of the materials in Type A, B and C sofas. Then, the data from alypmé, B

and C burn house experiments outlined in Se@imere used to rank the smoke density for
each experiment usingnmvelmethoddetailed in Sectio8.3.2 Smokedensity determinations
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based solely upon the objectskoiown heightandat the same distance from the stationary
cameras disappearing from the camera vrapliesthat all sofas produced smoke with the same
smoke densityvhich is not true in these experiments. Thhbs,éxtinction coefficient estimation
methal, detailed in Sectio.5.2 was notconsidered in this initial smoke density
characterization

3.3.1 Estimates from Smalbcale Data

Type A, B and C materials, both pahlgthane foam and fabric, were saved from the
associated experiments for the purposes of subsequenissaallinvestigations of the

smoke generation properties of the materials that fueled the fires. The smoke density
chambef62], located at the UW ke Fire Research Facility, was used to gain insight into

the material behaviour under radiant heating conditions. As detaifettion2.5.], the

smoke density cimber is a popular smaticale test used for ranking the smoke production
potential of different material8,54,55] Smoke density tests were conducted on the

different fuel materials using a Fire Testing Technology (FTT) Smoke Density Chamber with
an enhanced photomultiplier control ufg2] and FTT SmokeBox version 3.7 softw§t&7]

to record the data and calculate the results.

TheFTT unit can be operated in either the ISO 58%8andard modg6,62] or the ASTM
E662, NFPA 2B or BS 6401 standard modég,59,60,62] The 1ISO 5652 method was
used here because the sample is horizontally oriented which is necessary wigen test
materials like polyurethane foam which melt as they are h§&éegd] Further, heat fluxes
up to50 kw/m? are specified as part of this standgg@]. This flexibility was important
because@rior cone calorimetr (another smabcale testjesultsshowed that the foams did
not ignite under exposure to heat flux levels ok®&m? [90]. Piloted ignition was not used
in the smoke density chamidegcause standard practice does not use pilot ignition for-small
scale fire tests of upholstered furnit{it€8,109] This is in line with observations of flame
spread by radiation.¢., off-gassing anlames appearing in locations remote from the fire)
during the experiment3hus, 5kW/m?incidentradiantheat flux and no pilot ignitor was
used for these tests.

A total of 29 tests were conducted in the smoke density chamber over three different series of
tests as shown ihable3.6. The first two series comprised of nine total tests each wherein

three repeat tests on each of Type A, B and C materials were conducted. The first series of
nine tests used polyurethane foam only and the second series of nine tests useel )dTyp

and C polyurethane foam and fabric combinations from the associatsddldlexperiments.

The final test series with 11 polyurethane foam only tests was conducted because it was
discovered that theange extension filter in th@moke density chanelb was not functioning
correctly during the first two series; so, additional tests were required to estimate the
accuracy of the first 18 tests.
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Table3.6: Smoke density chamber tests conducted

Repeats

Series Materid

A B | C
1 Foam 3 3 3
2 Foam/Fabric| 3 3 3
3 Foam 4 4 3

The smoke density chamber measitransmission over a ifiinute (600s) period which

was converted into specific optical densibg, by the softwar§62,107] The &éd maxi mum
specific optical densityodo was used to rank t
combination56]. Sample plots of these values are showrigure3.13. The numerical

maximum specific optical density results were compared to publisieds, shown iTable

2.2, and the rank was compared to the-fdale results obtainaging the fullscale method

described in the next sectiohithough the variattity in results from the smoke density

chamber is typicall¢25%][3], the repeatability and reproducibility for flexible polyurethane

foam has previously been reported as high396 andt70%, respectively, with the ISO

56592 standard56]. Within this established range, the maximum repeatability by material

type for the tests iable3.6 were+9% (Type C)x27% (Type C) and35% (Type B) in

Series 1, 2 and 3, respectively.
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Figure3.13: Sample transmission and maximum specific optical density from the smoke
densitychamber

3.3.2 Estimates from FulBcale Data

Finally, a single, crude fulicale method of ranking smoke density was used to characterize
the observed smoke density in the Type A, B, and C experiments with results compared to
the smallscale characterization emoke density detailed in the previous section. A
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screenshot from Cam2 was taken from each of theTipe A-C burn house experiments at

a time when the smoke partially covered the window behind theesgfasgeFigure3.14).

Three observers then ranked the apparent visual density of the smoke from the fire in the
screenshot for each of the nine Typ&Aexperiments using a scale of 1 (highest observed
density) throgh 9 (lowest observed density). From three repeat fires for each material, this
resuledin three observer ranks for each fire except Type A matéhiats/ere missing one
observer rank for experiment ABg(, N=8 for Type A and N=9 for Types B & C). The
arithmetic average was calculated from the individual rankings of smoke density for each
material typevhichwas in turn used to determine the average observed material smoke
density rank (43) in each of the three fitgpes.

2015:07-08 10:58: 31

Figure3.14: Sample Cam2 image with smoke mithdow from experiment A2

This smoke density estimation method with three observers and an average observed material
smoke density rank was selected for several reasbnse observers were used to minimize
observer subjectivity (similar to Secti@2.1). An average was used because the smoke
density was expected to be approximately the santbddhree fires fueled bgach material
type.Further use ofraaveragevaluewas consistent witreportedrepeatability in controlled
smaltscale experiments like the smoke density chamber (discussed in the previous section),
becauseimilar variability between experiments fueled by the same material combinations was
expected.

Thus, a variety oénalytical methodsandsmaltscale and fulscale estimates detailed in this
section were used to characterize both the smoke layer height and smoke density of the Type
A-C experiments. These characterizations were then used as baseline results for comparison
with results obtained using the novel method developed in this research and described in
more detail in the coming sections.

3.4 Theoretical Development of the Method for Fire Image Analysis
This section covers the theoretical development of the method usesl iesearch for
tracking and measuring the progression of smoke in a fire compartment. The theoretical
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development of the present method largely follows the development of the contrast version
of the Digital Optical Method (DOM]70i 77] but with specificapplication to interior fire
experiments in mind. Sectidh7 outlines the basic premise of the contrast DOM and
establishethe transferable aspects of the methaostifying pursuit ofurther development

of this methodor fire image analysis.

The general premise of the novel radiance method for smoke analysis developed in this thesis
is depicted irFigure3.15. The basic concept was quite simple: imagesucagtin video

recordings are used to measure the smoke density at various heights within the compartment,
and the density profile was used to determine the smoke layer height as the experiment
progresses.

Time 1 Time Resolved Plot
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Figure3.15: General premise of the novel radiance method for measuring smoke layer height
from smoke density using video recordings

While the premisevas simple, caravas required in deriving the theory in such a way that
meaningful results can be obtairfenin a compartment fire scenario. To begin, some-high
level requisite knowledge of atmospheric radiation is provided so that the concepts presented
later can be understood in context. The remainder of the section comprises details of the
theoretical deriation of the analysis method used in this research. For this, the complex
radiation interactions in a fire scenario are simplified, by making reasoned assumptions, to
reach a tractable procedure by which to calculate optical smoke density from videa images
The final optical smoke density calculations involve use of variables that are kmolvan

be obtained (relatively) easiffjom measurements that can be mide fire scenario.

Pertinent assumptions embodied in each step of the derivation and hawléteyo smoke
analysis from fire video images are discussed in context below. Smoke layer height
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determination is outlineoh subsequent section$ this chapteonce the optical smoke
density calculations are theoretically derived.

The derivation relig on concepts from atmospheric radiation that are reiterated, briefly
below, as a starting point for the analysis. Every object emits radiation, either within or
outside the visible light spectrum, and all objects on earth reflect and absorb light to some
extent depending on their temperat@ectromagnetic wavelength (perceived as colour in
the visible rangeand texturd4,110] Furthertransparent and sertransparentt(ansiucent
objects can transmit ligit11]. Regardless of the original source, radiance (the quantity of
interest herejs the eletromagnetic radiation measured as light in the visible spectrurrsthat
perceived to originate from an object. As the radiation travels through the airpsadimais

lost by absorption. Further, all forms of radiatiatirect, diffuse, or reflectedare both lost

and gained in varying, and not necessarily equal, amounts due to scatteringshmyn

in Figure3.16, the incident radiance that reaches a surfdmelens of the camera in this
case)at some distance from the original objéalack checkerboard square in this case)
combination of theadiance emitted by the original object and the radiance emitted by other
sourceghere, two windows and the firthat scatters into the transmission path between the
surface and original object.

o Scattering
e Absorption

Figure3.16: A simple example of the radiance incident on a video camera lens after
transmission losses, T*, and path radiance, N*, along a path as result of scat)esimg) (
absorption @)

Hence, for the proposed derivation, thdiancethat reaches the videoroara (the parameter
measured in this method) is a combinatdmadiance from the background and radiance that
scatters into the path of transmissamdepicted ifrigure3.16. Some of this combined
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radiancds lost to secondary processes, for instance, absorption or scattering during
transmission between the background and camera. In this analysis, the radiance values are
indirectly recorded in the form of image pix@lues that can be converted using a unique
algorithm for each camef@3,112]discussed in detaith Section3.6.4 Since smokdree

images occur only before smoke is present in an experian@mhsubsequently smoke

continues to build up throughout the experimestessityequires extension of the DOM
concept to allowdetermination ofime-resolved optical smoke density results. A single
common smokdree image, the reference image, is used for the contrast reference. As the
experiment progresses, contrast in subsequergesia compared back to the contrast in the
reference image.

To define the variables used in the subsequent derivation, this process is schematically shown
in Figure3.17 (note radiation travels from right to left in the schematic) for a reference image
that has no smoke present. Some of the radiance emitted by the contrasting (ideally black and
white) background areas (to the right in the schem&dig)andNwo, respeately, will travel

the full path and reach the video camera (to the left in the schematic). Here, the full path of
travel has been divided into three segmeXitsXz, andXs) for future comparison when there

is smoke present. As the light passes throagih segment, there are transmission losses,
denotedl*, T>*, andTs* for each respective path segment, due to absorption and scattering

by the ambient air particles. There is also light scattered into each path segment, Mg¢noted
N2*, andNz*, respectively, each portion of which is also exposed to the same transmission
losses as it travels along the path to the video camera. Collectively, the radiance that reaches
the video camera is then the sum of the remaining radiance along the path from the
contrasting black and white areas, designatddkasidNw, respectively irFigure3.17. In

order to measure the optical smoke density profile (and consequently detsmuoke layer

height) it is necessary to select contrast pairs, denoted with jinatedifferent vertical

heights within the camera image. The calculations for the radiance reaching the video camera
for thej™ pair of black and white areas, respectyelre shown in Equatiorgs12 and3.13.

When smoke is present, there are monestrassion lossed;s*, due to the presence of the

smoke along the applicable path segment and possibly a change in the light scattered into the
path,Ns*, as well. The schematic diagram, adapted to represent this condition, is shown in
Figure3.18. Further, since the analysis method is intended to analyze sequential images in
which the smoke density is changing with time, an additional indexrequired to represent

each image used in the analysis. The calculations f¢f'tha&ir of contrasting black and

white areas in th&" sequential image are shown in EquatiBrist and3.15, respectively.
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Figure3.18: Schematic diagram with smoke present
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Here, the transmission loss due to the presence of sighaq assumed to be constant in

the second path segmeMb). This is not strictly true because the smoke layer stratifies as
discussed ithe previous chapter. However, a significant portion of extant smoke layer

height estimation methods explicitly assume that smoke density in the smoke layer is
constant or implicitly assume the same by attempting to transform the measured profile into a
bi-value function (see Sectié3). Thus, in line with similar works in the fire safety field,

the assumption of constant smoke density in the smoke layer is deerepthale for this

method, at least during initial development, as well.

To apply Equation8.14 and3.15 directly would necessitate quantifying the amount of

radiance scattering into the pat*j over time during each fire scenario. This is both

technically challenging and prohibitively experesi@n the other hand, comparison of the
contrasting black and white radiance values allows a method to be developed that is
independent of direct scattered radiance measurethdm.radiance values are normalized

by means of dividing the radiance valmethefull range of possible radiance valuds

normalized radiance value for pure whitecomed and pure black.0rhen subtracting the
normalizedradiance of the black area from thermalizedradiance of the white area results

in a positive valuehtat falls in the range between 0 and 1. Subtracting these values to
eliminate the radiance that has been scattered into the path during transmission inherently
assumes that the path radiance and transmission losses are equal for both the black and white
areas at a given point in time, which is not strictly true. However, if the black and white areas
chosen from the video images and used in the analysis are located sufficiently close together,
for full-scale fire scenarios at least, the differences may t&d=red negligible. Thus, the
calculatiors for the differences in radiance reaching the video camera fif ghar of black

and white areaareshown in Equation8.16 and3.17 for the reference anél' subsequent

image respectively.
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If the reference image is carefully selected, the result from Equafiéishould provide the
maximum radiance range possible for jfA@air of black and white area$his range roughly
equates to the fAclear beamdo readinfpblused i
Thus, Equatior3.17 can be used to estimate the transmission as the fire experiment
progresses, with Equatid@il6 acting as a scaling factor. These roles are evident if Equation
3.17is rearranged, equated with Equati®id6, and then the combined equations are re
arranged to isolate the desired value of smoke transmidsfgnesulting in EquatioB.18.
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Two further assumptions have been made when equating Equatiérasd3.17 to form
Equation3.18. First is the assumption that the radiance emitted by the backgmwnd6d

Ngo,) remains constant as the fire experiment progresses. This g trae if soot

deposits or burnt material impact the background as the experiment progresses, a
consideration addressed later (in Sec8dh6. The backgroundadiance may also change as

a result of longeterm effects due to variations in lighting as a compartment fills with smoke,
an effect thais discussed here. OfF cameras placed in compartments away from the
compartment of fire origin, thassumptiorof constant background radianseunlikely to

cause issuanless the amount of light reaching the background increases due to stray light
sources in a structure or decreases due to transmission losses as the smolk@&builds

cameras in thee compartment, this assumptisrvalid if the fire remains approximately

the same size for the duration of the analysis time period. On the other hand, this assumption
is questionabld the fire size, and thus the corresponding light emitted from taet§elf,

changes sufficiently over the course of the analysis time period. In these instances, increased
uncertainty associated with such effects must be acknowledged, though the uncertainty can
be reduced as much as possible by selecting referencdatbasfrom the fire and/or cross
correlating results from several different measurement locations.

Second, equating EquatioB4.6 and3.17 assumes that the transmission losses through the
air remain constant as a fire experiment progresses. Once again, this assumption is not
strictly true and the associated uncertainty will grovhadfire progresses due to temperature
and concentration differences in the compartment gases and the potential that particulate
matter may be drawn into regions below the descending smoke layer due to mixing and
entrainment within the compartment. As theeriment progresses, the gas temperature in
the smoke layer (and to a lesser extent the air below it) will increase, changing the
transmission propertiedccounting for any of these changes might be possible in certain
situations but would increase theethod complexity. Since the primary goal of this thesis work
is to determine if @adiancebasedmethod can be utilized, simplifications such as this allow the
method to be developed without added complexities. Thus, while worthy of assessment for each
different case, the uncertainty from assuming constant transmission losses over time must be
incurred during the method development presented in this guediguantified (if possible) as
part of future work.

As the final step in the derivation of the gealenethod developed for this phase of the

research, values of radiance are converted into smoke density. Since the exact definition of

smoke density varies throughout the fire safety field based on the method through which the

value was obtained, smokerde i t y here is considered to be fit
attenuated by t he s moki[84]atagventima Wsingthipar ti cul ar
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definition, smoke density can be represented byldi*, or scaled and normalized radiance
not including transmission losses through the smoke layer. Therefore, the equation used to
calculate the smoke densityimagei for contrast paiy, Djj, is given in Equatiol.19.

0 5 0 p
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h

A vertical profile of smoke density can be created by applying Equati®rio contrasting

pairs of radiance values selected at different heights within a comparirhergmoke

density profile can then be used to estimate the smoke layer height. When applied to a video
recording or sequential images, both smoke density and smoke layer height can be calculated
in a time resolved fashion as was depicteBigure3.15.

Once the general theoretical basis for the method had been developed, the method could be
applied in practice. The initial iterations and refinements of the method appii@re

detailed in SectioB.5. The final iteration of the applied radiance method is detailed in
Section3.6, followed by presentation of results@hapter 4

3.5 Method Development with Historical Data

Following the theoretical developmeéntthe previous section, the radiance method was
applied to existing historical data from 11 experiments. The experimental apparatus and
procedure were previously detailed in SecBand the instrumentation in Secti8ri.1

Several iterations of the method, detailed in this section, were developed using the historical
data before the method was finally tuned for application to new experimental data in Section
3.6. The early iterations are detailed in the coming Se@&ibriand the peultimate

application of the method is detailed in Sect8b.2 The results of each iteration, presented

in Chapter 4, guide the refinements made to the radiapti®uohapplication process in
subsequent iterations.

3.5.1 Early Method lIterations

In an initial attempt to apply the Digital Optical Method (DOM) method to analysis of
existing video recordings to determine the time evolution of smoke density during fire
experinents, the existinPOM software was requested. However, despite an initially
positive response, proprietary limitations and patent considerations prevented sharing and
modifying the existing softwarg7,113,114] Therefore, a stepy-step method, similar to
DOM, was developed and applied to existing vidsmrdings from historical experiments

C1, C2 and B1 which have been detailedamle3.1, and Section8 and3.1.1

Following the original DOM70i 77], seven important stages in the analysis were identified
as outlined briefly infable3.7 and discussed further below.
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Table3.7: Seven important analysis stages used in early method iterations

Stage | Brief Description

Convert fire video into images

Select a reference image from the beginning of the fire.
Select contrasting light and dark areas in the reference im
Extract pixel values for each area on each image.
Convert pixel values to d@ance values.

Calculate the smoke density for pdirs andmages.

Plot smoke density values with time.

QMMmoI0|w| >

In the first stagevideos were converted into individual frames using the VLC Media Player
to extract one image every second. The VLC Media Playausefriendly, free and open
source media player theanplay all common (and most uncommon) video file types and can
run on all computer platfornfd 15].

In Stage B, a reference image was setefitam the images created for each of the fire
experiments. Two options were considered. First, the reference image could be selected prior
to or at ignition, allowing the analysis to be completed for the entire experiment. This option
was possible for Cainin Experiment C2 as shown kigure3.19.

201 35- 0/ 09146454 2015076 09814205431

Figure3.19: RecordedCam?2 image at ignition (left) and just aftiyor closes (rightin
Experiment C2

However, the choice of reference image has to be carefully considered in some instances due to
the assumptions made during the theoretical derivation of the method. The derivation dictated
that the path and backgrouratiiance must be as consistenpassiblefor the duration of the

analysisIn Caml in Experiment C2 shown kigure3.20, for example, examination of the

video imagesndicates differing lighting conditions due to the presence of researchers and/or

an open door at the beginning of the tests. This necessitated selecting a reference image from
those taken after all personnel had left the burn structure and the dooehazddsed. When

taken after ignition, the reference images for each experiment were necessarily selected
before a smoke layer had begun to form at the ceiling so that the presence of smoke did not
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skew the reference radiance values: the same reason| mhagesthat were recordegrior
to the reference image were removed from the analysis.

Figure3.20: RecordedCam1 image at ignition (left) and just after door closes (right)
Experiment C2

Contrastiry light and dark areas were then chosen from the reference image in Stage C of the
process. In cases with backlightirgd, a window), an image from later in the experiment

was also used to ensure that the selected light and dark areas remained liigink aund

were not artificially altered by the presence of glare. To better assess the overall method at
this preliminary stage, several light and dark areas of differergamelocatios were

selected in the reference imadgesultswerecompared to investigate the sensitivity of the

final results across a choice of different contrast areas in a single reference image. Knowing
that the smoke layer would stratify vertically in the compartment but that uniformity of
obscuration was inherdptassumed, the contrast areas for each reference pair were selected
to be at approximately the same vertical height to obtain a more physically meaningful
comparison. In addition, the areas selected had radiance levels that were as close to black and
white as possible for maximum contrast while still keeping the areas as close together as
possible in order to minimize path radiance uncertainty. Sets of selected areas are shown in
Figure3.21 with pairs of black and white contrast areas, same outline colour, matched in
height and overlaid on the reference image (left), as well as on a subsequent image during
analysis (right). Thus, the method was applied @etirly stagsby identifying, to some

extent using a trial and error approach, areas in the images that had sufficient contrast for the
analysis.

Different software was needed to proceed to Stage D and to extract pixel values from the
selected light and dark areassiach image. For this, ImageJ (through F11I7]) was

selected becauseid a free and open source program tbaelatively user friendly and can

run on Windows, Mac OS X and Linux computgk$7i 119] To facilitate assesnent of the

choice of pixel parameters on application of the analysis method to fire videos, the ImageJ
batch measure feature was used to extract mean, median and mode pixel values as well as the
standard deviation of pixel values frath of theselectedight and dark areas in each image.
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Figure3.21: Preliminary method analysis area selection from the reference image (left) and
during the experiment (righf116]

Until this point, the data has been conveyed as pixel values that were generated by the
recording camera for storage and transmission purposes. However, the actual colour, or
Ar andciead, value was required for analysis neces
application of the analysis method, the pixel values from the previous stage were converted
into radiance values. This would typically be done by calibrating the videa@supior to

image analysis (prexperiment in this application). However, analysis of the video
recordings at a pixdevel had not been envisioned at the time these experiments were
conducted. Hence, the video cameras were not calibrated, and no icalibuaves were
obtained from the manufactur&¥ithout actual calibration data available, an assumption was
required to convert pixel values into the desired radiaregdctual colour) values. In the

early iterations, as a starting point, tteenera calibration curve was assumed to be a 1:1 ratio
of radiance to pixel value.¢., N = PV). This was the approach used in the DOM fugitive
plume scenaripr4] which was deemed sufficiently sillar to this fire analysis situation to

merit use of a similar approach in the fire experiments.

Equation3.19was used to calculate the smoke dengMy for each cotrasting pairj, of

light (ideally white,W) and dark (ideally blackB) areas for all images, with and without
smoke §) in the field of view (Stage FResults of this calculation were plotted over time
(i.e., for the sequential images) for each casting pair and fire test video analyzed (Stage
G).

The iterative results from Experiments C1, C2 and finally B1, detailed in Sdc8onere
analyzed and used to refine the method. Following these three early iterations, the
penultimate method was sufficiently well developed to provide confidence that results would
be usableThepenultimatenethod was therefore applied to more than one indoor fire
scenariao further test its applicability in different smoke measurement contexts

3.5.2 Penultimate Method Iteration

This penultimate method is a modified and expanded version oftlgevezthod described
above. It was developed based on the lessons learned during analysis of the results from the
iterations undertaken during analysissodperiments C1, C2 and Ehd was then applied to
a wider range of fire tests to facilitate moredgpth analysis of smoke progression in various
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situations. All 11 historical fire experiments detailed able3.1 were analyzed using this
method. The results and lessdearned from the application of this penultimate method to
the historical fire experiments are incorporated into the final radiance method iteration,
outlined in SectiorB.6, that was applied to new fire experimeritsere are nine main steps
to application of the penultimate method as liste@iable3.8.

Table3.8: Nine main steps to the application of the penultimate method

Step | Brief Description

1 Parse the fire video into individual frames.

2 Select a frame of reference from the beginning of the fire.

3 Selectcontrasting light and dark areisthe reference image

4 Extract mean pixel values for each area on each image, convert to radiance

and plot with time.

5 Calculate the smoke density for all images and each contrasapeiplot with
time.

6 Determine when the smoke layer reaches the height of each contrast pair.

7 If density converges, determine maximum smoke density.

8 If available, compare results to other cameras in the same area.

9 Assess uncertainty

As in the early iterations, VLC Media Playj@d 5] or other similar softwarevas used to

convert the fire video into individual frames. Most video systems record images at 15 fps or
30 fps, which for a test that takes 10 or 15 minutes to complete, would result in a large
number of images for the analysis if every frame was usédogh images may be

individually small, the space required to store such large numbers of images can be very
large. In the Type A, B and C experiments for example, with image resolution of only 480p,
parsing every frame in a teninute video segment (fno one camera in one experiment)

created a gigabyte of images for analysis. Therefore, a main consideration in parsing the fire
videos for analysis was the frequency at which frames should be output. Here the frame
output fequencywaschosen to bspecificto the fire scenario and the resources available.
frequency analysis, considering image extraction rate and possible averaging schemes, was
completed with intent to determine the ideal rate at which images should be parsed from the
videos (and later avaged if necessary).

Preliminary examination of the output (raw) image data in the frequency analysis indicated
that selection area radiances in the images fluctuated because of the flickering and growing
nature of the fire; hence, various image averagoigemes were assessed using images from
the indoor cameras (Caml, Cam2, and Cam4) in experiments Al, B1 and C1. This set of
videos was thought to represent an appropriate -ses#on of images from all historical fire
experiments since theyere from vey similar fire scenarios, save differences in fuel type

and thus smoke production. In addition, all of the videos were recorded at the same speed,
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three of five sofa materials were represented, and the three indoor camera angles were
represented. For expments Al, B1 and C1,200-secondvideo segment was selected from

a critical period in the fire experiment, in particular when the smoke layer was growing
rapidly just before low lighting forces the camera to change to IR recording mode. The image
extradion rate (frequency) and averaging scheme options shoWabile3.9 were applied to

four selected areas in each image: the full image, a large area encompassangahtne

image that was expected to contain the final contrast areas, a small light area, and a small
dark area. The results from each of these areas and options, presented iM3euizne
compared to determine that the ideal image extraction rate and averaging scheme for these
experiments was one frame every second with a 10 second rolling average (opliahléin

3.9). Thus, one image was extracted each second from each video for every experiment. The
selected averaging scheme was noted and applied to the extracted data later (in Step 4).

Table3.9: Averaging scheme options considered

Option Frlenzﬁ%liz] Averaging Scheme ngau}ﬂnz?
A 30 None 30
B 1 None 1
C 10 None 0.1
D 30 1 second average 1
E 1 10 second average 0.1
F 1 10second rolling average, centred 1

In Step 2 of the method, a reference image was selected from the beginning of the fire. Due
to considerations identified during application of the early method iterations, the reference
image was chosen based onfibiowing criteria:

1 The image must be from the tirbeforethesmoke layer formm at the ceiling so that
the presence of smoke does not skew the reference radiance values, and optimally at,
or prior to, ignition of the fire allowing analysis to be complefed the entire
experiment

1 Lighting conditions in the relevant area(s) of the reference image must be the same as
the remainder of the experiment (excluding the growing fire) so that the path and
background radiance are as consistent as possible

Once theeference image was determined, the light and dark areas that form the contrasting
pairs were selected in Step 3 of the method. Again, based on the early iteration results, the
following expanded guidelines were followed:

1 Eachcontrastingpair wasselecte at the same heighd be more physically
meaningful in the stratified smoke environment

1 Eachcontrastingoair wasselectedvith the same dimensions
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1 Contrasting pairs were selected at known heights (or heights that could be deduced)

1 Areas in each cordsting pair weras closein colour,to black and white as possible
to maximize contrast

1 Contrasting pairs were selected at positiasigar away from the fire as possibe
minimize the impact of radiance from the growing fire on the path radiance of
interest

1 Light and darkareasn each contrasting paivere physicallyclose togetheto
minimize the impact of path radiance differences

1 Light areas were selected to indunatural radiance from light coloured materials
(not materials brightened by glare) to minimize the change in path radiance that was
discovered to be important in the early method iterations

1 Dark areas were selected to include natural radiance fronmasgtials (not
materials darkened by shadows) to minimize the change in path radiance that was
discovered to be important in the early method iterations

1 Areas of the image with shadows or glare were avoided when possible to minimize
the change in pathdaance that was discovered to be important in the early method
iterations

In each video under analysseveral contrasting areas were selected in Caml images at
known heights as shown Hgure3.22. Light areas (outlined in black) were selected from

the window, and dark areas (outlined in white) were selected at the same heights as the light
areas but extended to the ceiling to determine whether useful informatiohbeogleaned

from the dark areas aloiE.he DOM anal ysi s [78weeusedasft 0100 pi
guideline in this penultimate methothis guideline was theexamined in further detail in

the final radiance method (see Secto®.3. Thus, for the Type A to C experiments, the
window in Caml was split into three vertical ared40 pixels by 10 pixeld.€., 100 pixels)

such that three heights (1.65 1.40m and 1.25n) were selected for analysi single
heightaligned with themiddle ofthe selected contragteasvas selected to represent the

height at which to assign values from the range (10 pixels) of each contrast pair. The
horizontal positions were selected on the right side of the window because it was further
from the fire. The specific horizontal positioothese light and dark areas were selected
because thewere close togetheas well as tonaximize contrast while reducing the impact

of glare and shadows.

Dividing the window intahreevertical segments worked well for Type@ experiments

(see Sectin4.4). Thus, in analysis of Type D and E experiments, the same Cam1l areas were
selected but werexpandedo a size of 25 pixels by 25 pixeisg(, 625 pixels totglbecause

of the higher resolution of the recordingsType D and E experiments
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Figure3.222 Caml light (black outline) and dark (white outline) arates) 35 seconds
(reference image) 40 secondsind ¢)320 second§35]

With contrast areas selected, Step 4 of the method involved extracting mean weighted RGB
colour values for each pixel in each selected light and dark area using the ImageJ software
[1171 119] This was donéor every image in the sequence from the reference image through
to the last imge in the desired range of analygike end of analysis was again set

depending on the evolution of smoke in a particular test series. For these tests, the endpoint
corresponded to the time at which the camera flipped to black and white reatuditmbw
lighting conditions but it could equally be taken when the image was completely obscured
by smoke, when the experiment ended, or at any other time as appropriate to a particular
situation Once coded with the desired areas for data extraction, Iniht@llvas able to

rapidly extract the desired data for all sele@szhs and images for a given experiment

within a few minutes (less than a minute in most cases).

The extracted mean pixel values were converted into normalized radiance values to be used
in determination of the smoke optical density. First, each pixabwahs divided by 255 to
normalize it based on the scale of pure white having a pixel value of 255 and pure black a
value of 0. Next, the camera calibration curve that converts pixel R\ radiance
value (N) was appliedFurther investigation waoaducted after the early iterations and
gamma = 2.2 decoding scheme was selected because conversion curves close to this are
necessary for the NTSC video fornfig20] that these cameras yd21] such that the
conversion from mean pixel value to radiance value was given by EqG&ibn

0w?®

C_U 0 3.20

Once converted, the averaging scheme was applied to the vadugstermined in Step 1, a

10 second rollingverage centred on the fifth second was applied to the radiance values.
Once the light area and dark area radiance values were determined for a particular video
sequence, they were plotted with time to gain a better understanding of input values into the
smoke density calculation (see Sectin.4.

In Step 5 of the penultimate method, the smoke dem3jtywas calculated for all contrasting
pairs inall images using Equatidh19in Section3.4, recalling thatNw,j andNs are light
and dark area radiance values for pair j taken from the reference image, respectively.
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Similarly, NwsjandNgs jwerethe light and dark area radiance values, respectively, foy pair
from imagel whichwerebeing analyzed to determine whetbemnot a smoke layavas

present. The resulting smoke density values are plotted against time to see how the smoke
progresses at each height from image to image based on a given video sequence from each
fire test.

Step 6 involved analys the collectedlata in order to determine the smoke layer height.
The smoke layer height determination was attempted using two methods. The first method
determined the smoke layer height via the smoke density values per the original intent of the
method. The second meithwas subsequently added as a possibility based on initial
observations and results (see Sectigh? which showed that the normalized radiance

values of the selected light analysis areas (light area radiance values or LRVs) from Step 4
decreased.€., got darkewith mord 0 t h ismnokeepesen}t around the time that the
calculated smoke density increaskdboth cases, the smoke layer heighas estimated to be

at the height of a contrasting pair when thees a large change in smoke density or light

area radiance value at one point mei(or, most likely, across a narrow range of time) as
shown inFigure3.23.
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Figure3.23. Conceptual plot showing hotime varying optical smoke density (density) and
light area radiance values (LRV) can indicate wheiz) the smoke layer reaches the height
of a contrast pair

Analysis of the smoke density values to determine the smoke layer IZgigleguires
definition of a threshold value f@j; that relates to the presence/rmmesence of smoke at a
given location in an image with time. To select the threshold value, first recall that 1) the
height of each contrast pair was aligned with the e&@rtientre of the selected light and dark
areas (org¢ 5y «a FiC mTYa A i) and 2) the optical smoke density will
fall between 0 (no smoke) and 1 (very dense smoke). As shawgure3.24, if the smoke
layer transition zone is very narrow, such that optical density igd gand O atzyottom; the

smoke layer height must occur within the selected area and the average opticalvdéresit
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is likely to be around 0.5. If the transition zone is larger than one selected area, the same
concept holds in that the smoke layer height will fall somewhere between no smoke and very
dense smoke. HencePg threshold value of 0.5 was initialBelected because, on average,

this corresponds to the stratified smoke layer reaching approximately the centre of the area
for a specified heightn this research, when the smoke denBityor a given image pajr
increases to a value of 0.5 at timéhe smokes considered to have reached that height in

the compartment being analyzed.

Light Area Dark Area

Figure3.24: Diagram for selecting smoke layer heigh, threshold value

An alternative methotb the use of the smoke density in determining the smoke layer height
was also investigated. This method focused on determining the images in which decreases in
the values of theght area radiance valuegre observed and using those to estimate the
time at which thesmoke layer pasdahrough a particular heighthis alternative method is
premised on the anticipated relationship between a decrease in light areeeradiaesvith
increase irsmoke desity at a given heighSimilar logic to that used for the smoke density
determination above, and apparenkigure3.24, applies for selecting a threshold value
becase the mean.€., arithmetic average) pixel value for each of the selected areas (light
and dark separately) is calculated and normalized to a range of 0 to 1 witkpaimidf 0.5.
However, as shown iRigure3.23, the mean LRV will tend to get darkere(, decrease in

value) with smoke present. Thus, when the light area radibiagg, for pairj decreases to

0.5 in timei image,the smokas considered to haveached that height in the compartment
being analyzed. Results of both methods are presented and compared ind5&&ion

During Step 7, the smoke density plots wexamined to determine whether the magnitude

of the smoke density had plateaued by the end of the analysis period. If so, the maximum
smoke density had been reached and corresponded to that magnitude. If the same value was
observed for (in increasing imgance) multiple heights, multiple cameras, and/or multiple
experiments with the same material, the confidence in the value greatly increased.

Step 8 is a repetition of Steps 1 through 7 for different video cameras whicubset of the
experiments assesd above. For this, images from the videos recorded by Cam2 in the Type
A through C experiments, shownhigure3.25, were analyzed. The top of the window is not
visible in the Cam2 recordings for the Type D and E experiments, so these were excluded
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from the analysis. The window in the image from Cam2 was divided into three vertical areas
similar to those used for Camabove, taking care to maintain the same @nl$pacing with

some height overlap (1.70, 1.55m and 1.40m). This resulted in contrast areas of 20 pixels

by 20 pixels. Once again, the horizontal positions were selected on the right side of the
window at adistance from the fire and the areas chosen were close together while
maximizing contrast and minimizing the impacts of shadow and glare. Analysis was
completed for all images from the reference image through to the earlier of a) the video
camera flippingo black and white or b) the fire blocking a contrast area.
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Figure3.25: Can? light (black outline) and dark (white outline) areas at a) 35 seconds
(reference image) 40 secondand ¢)320 second§35]

As the final step, Step 9, uncertainties in the results from the Type A through E experiments
were assessed. As part of this assessment, the smoke layer height and density results for these
experimentspresented in Sectigh4.6 were compared to the smoke evolution

characterizations detailed in Secti@2and3.3, respectively. Some of the uncertainties

could be addressed with modification to the experimental instrumentation aedynes

specific to theadiance method, hendég results from the penultimate method guided

additions and changes to the instrumentation discussed in S&dtianThese

instrumentation changes were made and new data was collected during the two Type F
experimentsdriving someadditional modification othe radiance method, which are

detailed in the nd section.

3.6 Final Radiance Method
Unlike the previous method iterations, the final radiance method detailed in this section was
applied to two Type F experiments in which some of the instrumentation was specifically
designed to facilitate application angsassment the new radiance method developed during
this research. The instrumentation, detailed in Se@&ibr2, allowed this final iteration of the
method to addiss some of the uncertainties that could not be addressed using analysis of the
existing video recordings alone. Recall that recordings of the historical fire experiments
(Types AE) were made with cameras Ca#hivhereas the new fire experiments (Type F)
were recorded with cameras MbB. Additionally, in an effort to broaden the possible
applications for the new method, the final radiance method was applied to both individual
colour stream, and black and white images from the video recordings taken deringéh
F experiments.
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The final radiance method developed over the course of this research is largely similar to the
penultimate method that was outlined in the previous section, with a few changes to refine
the method and address identified uncertainfiégre are ten steps to application of the final
radiance method as listed Tiable3.10.

Table3.10: Ten steps to thapplication of the radiance method

Step | Brief Description

1 Conduct an image frequency analysis aacse the fire video into individual
frames.

2 Select a frame of reference from the beginning of the fire.

3 Determine minimum selection area amdest contrasting light and dark areas
the reference image

4 Extract mean pixel values for each area on each image, convert to radianct
values, and plot with time.

5 Calculate the smoke density for all images and each contrasaipaiplot with
time.

6 Determine possible impact of soot deposit on smoke density results.

7 Determine when the smoke layer reaches the height of each contrast pair.

8 If density converges, determine maximum smoke density.

9 If available, compare results to otlzameras in the same area.

10 | Assess uncertainty

Since this final radiance method is a key and culminating contribution of the present
research, each step is addressed in an associateddidn belowTherefore, some sub

sections are essentially-statement of the method as detailed in the previous developmental
iterations. Of import, however, considerable investigation of the applicabilihefihal

method was conducted during application of otleps Therefore, as each step is presented,
key aspects of the additional assessments and evaluations related to those steps are detailed
as well. All results are contained in Sectibb.

3.6.1 Step 1: Image Frequency Analysis and Image Extraction

As in the previous iterations, VLC Media Play&t5] or other similar software was used to
convert the fire video into individual frames. In Sect®®.2 a freqency analysis was
conducted with six options, outlined Trable 3.9, for the fire scenario and available

resources. These options were applied to four selected arsshimmage from 800
secondsegment of Cam1, Cam2, and Cam4 recordings of experiments Al, B1 aid C1.
separate frequency analysis was not conducted for the new Type F experiments because i)
they are from very similar fire scenarios as those previousllyaed, ii) the videos were
recorded at the same speed, iii) the contrast area arrangement worked for the previous five
sofa materials, and iv) the new camera angles were believed to be sufficiently close to the
three camera angles used in previous fraqu@&nalysisThus, in line with the previous
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section, one image was extracted each second for each video and experiment. The selected
averaging scheme, a 10 second rolling average, was noted and applied to the experimental
data later (in Sectio8.6.4).

3.6.2 Step 2: Selecting a Reference Image

For each video analyzed with the radiance method, a reference image was selected from the
beginning of the fire following the tweonsiderations previously determined to be important.

As a result, the images were selectetbbethe smoke layer forrad at the ceiling so that the
presence of smoke did not skew the reference radiance values, and optimaltyiat,tor

ignition of the fire allowing analysis to be completed for the entire experiment. Second,
lighting conditions in the relevant area(s) of the reference image were chosen to be the same
as for the remainder of the experiment (excluding the growing firtlasdhe path and
background radiance are as consistent as possible.

3.6.3 Step 3: Select Contrasting Pairs

Selection of contrast pairs led to significant additional development and improvement of the
final method over the penultimate method. This is becauggethdtimatemethodwas

developed using onlgolour imageg$rom the videos for each fire test, and thus required
truncation of the analysis at the time when the camera switched from colour recording mode
to black and white mode. This was a significant dragk since, for example, the existing

Cam4 recordings could not be used for analysis because there were not any usable light areas
in those images from which to create appropriate contrast pairs. More broadly, it was
recognized that security cameras ardely used in fire experiments. In low lighting

conditions é.g, at night or when the lights are off), many security cameras change to
infrared (IR) recording122] mode in which the light emitting diodes (LEDS) in the camera
turn on and theamera captures infrared light intensity that is reflected back by the
surrounding$122]. This infrared light is not within the visible light spectrum, hence images
are recorded only in black and whjfie2].

Therefore, in ader to extend the methodwwrk with older video or to later times in the
present videos when tlsecurity cameras switch tow-light recordingmode, the method

was extended to analysis of not only colour images, bubtds& and white imageshis

was done using images from the videaorded by/11in the two Type F experiments,

shown inFigure3.26, with pixel analysis areas selected from the rajteckerboard

(CB11A). This analysis was not conducted in the penultimate method analysis of the living
room camera recordings because there was no sfrexkéR reference image for the smoke
density calculationThe analysis could not continue with théozo reference imagence the
camera changed to IR recordingcause, among other things, the assumption of constant
transmission and scattering would not h&ésultsarepresented in Sectioch5.3
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Figure3.26. Camera V11 image

As in SectiorB.5.2 contrasting pairs were selected using the following guidelines:

l

=

Eachcontrastingpair wasselected at the same heigtitbe more physically

meaningful in the stratified smoke environment

Each contrastingpair wasselectedvith the same dimensions

Contrasting pairs were selected at known heights (or heights that could be deduced)
Areas in each contrasting pair wa®closein colour,to black and white as possible
to maximize contrast

Contrasting pairs were selected at positiam$ar away from the fire as possitde
minimize the impact of radiance from the growing fire on the path radiance of
interest

Light and darkareasn each contrasting pawvere physicallyclose togetheto

minimize the impact of path radiance differences

Light areas were selected to include natural radiance from light coloured materials
(not materials brightened by glare) to minimize the change in path radiance

Dark areas were selected to include naturahram from dark materials (not

materials darkened by shadows) to minimize the change in path radiance

Areas of the image with shadows or glare were avoided when possible to minimize
the change in path radiasc

In addition to assessing the method for asdlack and white recordings@ajor changén
instrumentation was made over that usethépenultimate method hisis the addition of

the checkerboards that were detailed in the Type F experimental instrumentation in Section
3.1.2and are clearly evident Figure3.26. To determine the effectiveness of using
checkerboards witthe radiance method, the contrast from several 10 pixel by 10 pixel light
and dark area pairs in cameras V1, V2, V4, V7 and V11 reference images from experiments
F1 and F2 were compared as showmable3.11. The 11 (of 12) camera views with visible
checkerboards were provided previouslyigure3.8. Of theseb were used in this part of
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the analysis. V1 was used to compare the contrast of white paint versus light grey drywall
backing (light area) with black paint (dark area). V1 and V4 were used to compare contrast
for backlit light areas with existing darkeas, and existing light and dark background areas.
V2 and V7 were used to compare the contrast of a new to a previously used and flipped
checkerboard. V11 was used to compare the contrast of a new to a cleaned (wiped down)
checkerboard, and the impact dleckerboard distance from the camera.

Table3.11: Reference light and dark areas for various cameras (Cam.), experiments (Exp.),
checkerboard conditions (Cond.) and background selection area sources

Cam. | Exp Checkerboard Light Dark
' ' # Cond. Source Source
F1 Bl New White Paint Black Paint
F2 Bl New Light Grey Black Paint
Vi F1 N/A N/A Window Drywall (New)
F2 N/A N/A Window Drywall (Used)
F1 N/A N/A Drywall (New) Drywall Mud
F2 N/A N/A Drywall Mud Drywall (Used)
V2 F1 B2 New Light Grey Black Paint
F2 B2 Flipped Light Grey Black Paint
F1 B4 New Light Grey Black Paint
va F2 B4 New Light Grey Black Paint
F1 N/A N/A Window Drywall (New)
F2 N/A N/A Window Drywall (Used)
V7 F1 B7 New White Paint Black Paint
F2 B7 Flipped White Paint Black Paint
F1 | B11A (near) New White Paint Black Paint
V1l F2 | B11A (near) | Wiped White Paint Black Paint
F1 B11B (far) New Light Grey Black Paint
F2 B11B (far) Wiped Light Grey Black Paint

As expected (given that the checkerboards were installed for this purpose), the results
presented in Sectich5.3indicated that the checkerboards provided higbatrast than
available light and dark areas in the background but backlit windows also provided high
contrast. Thus, contrast pafos the final radiance method analysis were selected faom
combination othe checkerboards and backlit windows. Result®wéso used to draw
conclusions about how best to prepare and situate checkerboards in future experiments.

Finally, there wagvidence thaselection areas with fewer than 100 pixeight workin the
analysig76]. Therefore, as one step in optimization of the method for longer term use, it was
of interest to determine theimmum size ofareathat could be selected for analysis while
retaining accuracy in estimation of smoke layer height and smoke density. Since the
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minimum area was expected to be related to image resolution, Cam1 recordings from
experiments Al and B1 with video resolution 80¢ (720x480 pixels) and V1 recordings

from experiments F1 and F2 with video resolution of 1080p (1920x1080 pixels) were

utilized. These were chosen because the camera view was consistent across both experiments
as indicated previously ihable3.4. For the analysis, contrasting areas were selected from
three heights: 1.5, 1.40m and 1.25n. With two exceptions, to be detailed momentarily,

eight sizes and two shapescohtrast area were examined at each heigitx®4 pixel

square (26 pixels),a 10x14pixel rectangle Y40 pixels),a 10x10 pixel square (100 pixels),

6Xx9 pixel rectangle (54 pixeld,6x6 pixel square (36 pixels,4x4 pixel square (16 pixels),

a2x4 pixel rectangle (8 pixelsand a2x2 pixel square4 pixels) Even numbers were

selected vertically (14, 10, 6, 4, 2 pixels) so that results could be calculated in a symmetric
fashion around the selected heights. Areas were selected from both thevinadikw and
checkerboard in the experiment F1 and F2 recordings. Since no checkerboards were present,
areas were selected from only the backlit window in the experiment A1 and B1 recordings.
Unfortunately, the low resolution in the historical recordingsnt that the window had

fewer than the 42 vertical pixels (14 pixels x 3 pairs) necessary to conduct the analysis on the
largest area. Accordingly, only one 14x14 pixel area was selected at the heightrofsh40

as mentioned above, there are no 14x%élselection areas at 1.5%or 1.25m from

experiments Al or B1. Area selection from Cam1l and V1 are shokigune3.27.

Figure3.28: Final radiance methauixel analysisarea from a) V1, b) V2 and c) V7

The results of this angdis, presented in Sectidn5.3 found that the size and shape of

contrast area were best set at dimensions of at least 6x6 pixels and not less than 30 mm x
30mm.In order to have results with the highest vertical resolution possible, the remainder of
steps three through ten were then completed using a 6x6 pixel square or a 7x7 pixel square (if
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6x6 pixels is less than 30 mm x 30 mm) unless otherwise noted. Cqatirasivere selected
from V1, V2, and V7 recordings of experiments F1 and F2 and are shdwguire3.28.

3.6.4 Step 4: Determine Radiance Values

Step 4 involves firséxtracting pixel values and converting them to radiance values. In this
final radiance method, an effort was made to refine both the extraction and conversion
parameters.

In early estimates of extracted pixel intensity vajties mean weighted RGB pixeales
were used. Duringevelopment of the Digital Optical Method j4&7], however, it had been
found thatuse ofindividual colour values, red, greenblue,led todifferentresultsthanuse

of theweightedRGB values. Thugjuring refinement of this stage in the final radiance
methodvideo images taken using Cam1 in experiment Al ahth\éxperimenF1were
processed multiple ways to investigtte impact of using a particular colour (RGB, red,
green or blue) in #hanalysis. Since colour values were potentially thought also to relate to
lighting conditions, video traces frothesecamerasvere specificallyselected because of the
varied lighting conditionsbserved during the test0x10 pixel contrasting areas were
selected from each recording at heights of Ind8and 1.25n at both the checkerboard and
window (the latter only in experiment AljnageJ [55was used tgeparate@achimage into
its red, green, and blue componessshown inFigure3.29.
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Figure3.29: A sample V1 image in a) RGB, b) red, c) green and d) blue colour

Collectively, the light area radiance values (LRVs)kdaea radiance values (DRVS),
smoke layer height and smoke density results for the different colour streams, presented in
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Sectiond.5.4 indicated that theveighted RGB pixel values were preferred in these
experiments; therefore, the remaining radiance method analysis was conducted accordingly.

The mean weighted RGB colour valuesttoecontrast aresselected in Step 3ave

extracted using the ImageJ softeflL 171 119] for everycolourimage from the reference to

the endpoint of the analysis sequence. The srav&kition dictated the analysis endpoint

and it corresponded to the time at which the camera flipped to black and white redoeling

to low lighting conditionsthough it could ave equally been taken when the image was
completely obscured by smoke, when the experiment ended, or any other time as appropriate
to a particular situatiarPast the point that the camera flipped to black and white recording,

the strategy discussed abdwue analysis of black and white images could have been adopted

if a reasonable IR reference image had been available.
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Figure3.30: Diagram of camera encoding and decoding mechanisms

The extracted pixel vaes were then converted into radiance values using camera specific
calibration curves. As shown Figure3.30, determining the camera calibration curve is a
two-stepprocess. It is necessary to 1) determine the encoding scheme used to convert

radiance to pixel values and then 2) invert the function to determine the decoding scheme
(camera calibration curve). There are three options for selecting a camera calibragon cu

(in decreasing order of accuracy): obtain the actual encoding scheme from the manufacturer,
calibrate the camera after purchase to determine the encoding scheme, or assume an encoding
schemeln previous iterations, the camera decoding scheme wasiaaik the cameras

were no longer available and, therefore, the decoding scheme was adsant=\elopment

of the final method used in the Type F experiments, the curves could not be obtained from
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the manufacturer. Therefore, the cameras were calibrawdeér to develop an appropriate
decoding scheme to be used in the analysis.

First, to determine the camera encoding scheme, a ColorChecker Viddé@3{was held

up in front of each camera and checkerboard before each Type F experiment as shown in
Figure3.31. Each camera recorded a sequence of representative ithagesre then parsed
using the VLC Media Play¢i15]. These images were then analyzed using Imgde] to

obtain the mean colour pixel value for each colour on the board. These measured pixel values
were plotted relative to the listedamufacturer radiance values to determine the encoding
scheme for the different cameras. This encoding scheme was then inverted to obtain the
camera calibration curve (decoding scheme). The camera calibration curves were compared
to establish the relativeaviations between various representative areas of each image, as
well as between experiments and between cameras of the same model. Results are further
discussed in Sectioh5.4
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Figure3.31: Camera calibration board in front @fcamera ané) checkerboard

Next, four different calibration curves were selected and used in development of the final
radiance method. Two curves were chosen based on the previous itefdtoRY &ndN =
(PVI255¥9) and two were based on the lines of best fit from the ColorCheckatseAll

four calibration curves were applied to the pixel value results of V1 from experiment F1, and
the LRV, DRV, smoke layer height and smoke density results were compared to determine
the impact of different calibration curves on the final analyde. results, presented in
Sectiond.5.4 indicate that the cameras used in the Type F experiments are best represented
by anN = PV calibration curve. However, siathe eleven historical Type-B experiments

were analyzed using ah= (PV/255)f-2 calibration curvg23,24,84,85pand the selected

curve was found to impact the resyise Sectiod.5.9), it was decided that the latter curve
would be used going forward in this thesis so the Type F smoke evolution results could be
compared to the Type-B& smoke evolution results.

Hence, as ithe penultimate method, the extracted mean pixel values were converted into
normalized radiance value € (PV/255Y-2) to be used in determination of the smoke
optical density. The averaging scheme from Step 1;8et0nd rolling average centered on
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thefifth second was then applied to the radiance values. Once the LRVs and DRVs were
determined for a particular video sequence, they were plotted with time to gain a better
understanding of input values into the smoke density calculation outlined in tretepex

3.6.5 Step 5: Calculate Smoke Density

There was no change to Step 5 from the penultimate méthedsmoke densityDj, is
calculated for all contrasting pairs in all images using Equ&tith(repeated below for easy
reference), recalling tha&tw,; andNg are light and dark area radiance values for jpaiken
from the reference image, respectively. SimilaNyisjandNas,jare the light and dark area
radiance values, respectively, for gairom imagei which is being analyzed to determine
whether or not a smoke layer is present. The resulting smoke density values are plotted
against time to see how the smoke progresseact height from image to image based on a
given video sequence from each fire test.

o 6 i
p O r 0 ¢ 3.19

3.6.6 Step 6: Estimate Soot Deposit Impact

One of the assumptions made in the theoretical derivation, presented in Settas that

the radiance emitted by the backgrouNdd;jandNgoj) remains constant as the fire

experiment progresses. However, this may not be true if soot deposits or burnt material
impact the background as the experiment progre¥sesddress this concern, Step 6

involved determining the possible impact on smoke density results of soot deposition on the
background surfaces in the Type F experiments.

Two different attempts to quantify the soot that was deposited on the drywall dicsnkis
were included in the Type F experiments. Both attempts invavexd video recording
made with and without a white piece of paper, held in front of each camera and
checkerboard, after the end of each experiment once the smoke had theagesiwith and
without the papewereextracted for each location usiNg.C Media Playef115].

First, the posexperiment images with the white paper, showRigure3.32, were analyzed

using ImageJ117i 119]to determine the mean pixel values (varied selection area siz& of t

white paper. These pixel values were then com
(fromthepree x peri ment <cali bration I mages) to esti me
since the beginning of the expevisualiyclosest A Gr ey
to the colour of the white papas judged by an observer Si mi | ar t o the dAcl ear
and correction in the smoke density chamber[83t the pre and postexperiment white

value difference was then related back to how much soot had been deposited on the

checkerboards over the course of the experiment.
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Figure3.32: Figure one with white sheet held in frontajfcamera V1 ant)) checkerboard
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Second, the postxperiment images without the white paper were analyzed with ImageJ

[1177 119]to determine the mean pixel values in the white and black ehsakrd squares.

These pixel values were then compared to the reference image values to estimate how much
the white, black, and contrast had changed since the beginning of the experiment. These
value changes were then related back to the overall sootitdephe experiment. Results

for both analysis methods are presented in Sedtiog

3.6.7 Step 7: Determine Smoke Layer Height

The two methods of data analysis used to determine the smoke layer height in the
penultimate method were also ugkd final radiance metho@he smoke Iger height
determination was attempted using both calculated smoke density and raw LRVSs. In both
cases, the smoke layer heiglas estimated to be at the height of a contrasting pair when
there is a large change in smoke density or light area radianeeatalne point in timéor,
morelikely, overa narrow range of time). The previous logic proved sound and effective so,
as in the penultimate method, when the smoke debDsgitgr a given image pajrincreases

to a value of 0.5 at timiethe smokas considered to have reached that height in the
compartment being analyzed. Conversely, when the light area radiaaggfor pair]

decreases to 0.5 in timémage,the smokas considered to have reached that height in the
compartment being analyzedegults of both methods are presented and compared in Section
4.5.7

3.6.8 Step 8: Determine Maximum Smoke Density

There were no changes made to this portion of the process from the penultimate method.
Thus, in Step 8 of the radiance method, the smoke density plots were examined to determine
whether the magnitude of the smoke density had plateaued by the end ofyhkis geaiod.

If so, the maximum smoke density had been reached and corresponded to that magnitude. If
the same value was observed for (in increasing importance) multiple heights, multiple
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cameras, and/or multiple experiments with the same material, ifidexace in the value
greatly increased.

3.6.9 Step 9: Compare to Other Results

As in the penultimate method, all of the previous steps (1 through 8) were repeated for
different video cameras that captured the smoke evolution in the same space. The final
radian@ method was applied to the two cameras with a broad living room view, V1 and V2,
as well as camera V7 that recorded in black and white and captured the corridor side of the
living room. The selection areas for these camera views were shéwguine3.28. This

process was completed for experiments F1 and F2 in order to compare results of repeat
experiments. The results are presented in Secdli@éthrough4.5.9

3.6.10Step 10: Assess Uncertainty

The final step of the radiance method is to assess the uncertainty of thethasaits
presented in Sectioh5.10 As with all experimental (and some theoretical) methods,
uncertainty has many causes. Some of the uncertainties inherent in fire experiments and
smoke evolution specifically were detaileddhapter 2Differences, and thus uncertainty,
exist between various smoke layer height and density estimation methods including those
discussed in Sectiorss2and3.3, respectively. Several inherent sources of uncertainty were
discussed in the theoretical raice method development of Sectihd. Some of the
uncertainties for the experiments detailed in Se@imere addressed with the revised
instrumentation in SectidB.1.2and subsequent analysis conducted in Sec8dand3.6.

Key results and discussions from each of the stages aresdutiiorder ircChapter 4The
chapterculminaeswith results from each stage of application and evaluation of the final
radiance method as well as any associatg@anon uncertainty of those results. Finally,
Chapter Jraws conclusions and makes recommendations for future refinement of the
methods used, experimental desigind application of the final radiance method in analysis
of fire experiment recordings.
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Chapter 4

Results and Discussi on

The methods detailed in the previous chapter were applied to the burn house sofa fire
experiments laid out in Secti@lto generate smoke layer height and density results. These
results are presented and discussed in this Chapter, l&stj@lying the same sequence as
used to present the steps in thethods outlined i€hapter 3Section4.1 details results of
smoke layer height characterization during Typ€ Aofa material experiments based on
analysis of video recordings by multiple observers. These results are coupled vkiéh smo
layer heightanalysedased on existing heat release rate approximations and thermocouple
temperature measurements via specific valupeMent rule and integral ratio estimation
methods. The smoke layer height estimates from thessdalé experimeal data are used

to set a baseline for comparison of various results obtained using the radiance method. In
Sectiond4.2, complementary results for smoke densityhia experiments are determined

using a combination of smaknd fulkscale resultsThese results, from theneke density
chamber and video recordings of the burn house experiments, set the baseline for a
comparison of smoke density values determinedyusia radiance method as well.

Next, results obtained during various iterations of development of the radiance method are
presented. For this, video recordings are analyzed according to the methods outlined in
Chapter 3o estimate the smoke layer height and density. Specifically, Séc8adetails the
results and lessons leachduring application of three early iterations of the radiance method
to three of the historical burn house experiments (C1, C2 and B1). These lessons drove
modifications to the original radiance method, resulting in the penultimate method which was
then gplied to data from the 11 historical burn house experiments (Tyi8s Phe

penultimate radiance method results are detailed and compared to the baseline
characterizations in Secti@gn4. Finally, instrumentation specific to the radiance method was
installed for two new (Type F) burn house experiments. This allowed further refinement of
the method; the results of this final iteration of the radiance method areteckaed

discussed in Sectioh5. This culminating section of the chapter details the most refined
results presented in this woKRonclusions and recommendationawin from the discussion

of these results are presented in the final chapter of the thesis.
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4.1 Smoke Layer Height Characterization

The new radiance method for estimating smoke layer height and density forms the key
contribution from this researciiherefore, as it was being developed and refined, results
from the newly evolving method(s) had to be compared to results from existing and more
accepted methods. In thgsction and the nexteference values of smoke layer height and
then smoke density@reported. These values were obtained from a series of video
recordings, heat release rate and thermocouple measurements taken during th&€Type A
burn house experiments using the seven methods outlined in S&fiand3.2 Through
comparison of results across methods, baseline estimates are established against which to
berchmark results of the new radiance method later in the chapter.

Seven existing methods were used to estimate the smoke layer height in the burn house.
Sectiord.1.1presents theesults from two observdrased methods using video recordings to
estimate the smoke layer height. Thheat release rate curves for the same representative
experiments were then used to calculate the smoke layer height in the living eotvmo vi
common fire compartment smoke filhalyticalmethods, the NFPA and T&Y methods, with
results presented in Sectidrl.2 Finally, in each of the three reprataive experiments,
results were obtained for the senbased methods using data fréoar thermocouple rakes

to estimate the smoke layer height using the specific value (Sdctid®) N-percent rule
(Section4.1.4 and integral ratio (Sectioh1.5 methods. Collectively, theost accurate and
robustexisting method for smoke layer height estimation in these experimasselected

to characterize the smoke layer height developmenbasedine to compare to results
determined using the new radiance method.

4.1.1 ObserveiBased Estimates

As thefirst stage in development of reference values, video recordings were analyzed via two
observetbased methods for estimation of smoke layer height. For this, the evolution of
smoke layer height with time during fires fueled by each of the Ty@endateri¢gs was
assessed by three of five independent observerd)®ased on their observations of the
time required for 1) a thin smoke layer to first form at the ceiling (Cam1l, z#®),3%) the
bulk of the smoke layer to reach the top and bottom of the wiri@aw?2, z=1.89n and
z=1.35m), and 3) the smoke to obscure the view in Cam1 and Cam2 (z2znCaad

z=0.60m, respectively). The observers noted the camera time at the top right of the
recordings for each event and these were subsequently convertedhssster ignition by
subtracting the ignition time for each experiment from the noted event time. Then, at 10
second intervals, two observers (O1 and O6) estimated the smoke layer height over the
window visible in Cam2 recordings.

Results of the first atgsis are summarized ifable4.1. In the Table, * indicates that no
usable entry exists and 6UO6 indicates that th
instances, two independent usable data points are available. The average and range

92



(maximum time&’ minimum time) of the two or three recorded times are noted in the right
hand columns ofable4.1 for reference as well.

Generally good agreement can be seen across observers in terms of their estimates of the
time taken for the smoke layer to reach each of the five heights in the living room for
experiment A2. The best agreermenfor the time it takes for the layer to descend to 0.41 m
above the floor (the point when Caml is obscured by smoke) with only 3 seconds difference
between the three observer estimates. Conversely, the time when Camz2 is obscured has the
least agreemetfior the Type A material with 15 seconds between the first and last recorded
observation. In all cases though, the generally low variation in values across obgaiers (

in a 1530 minute experimeht i ndi cat es interprétatiand of theogpleseece af e r s 0
smoke were consistent and that the smoke layer in the Type A couch experiments was likely
quite distinct with very little mixing zone between the upper and lower layer in the fire
compartment.

Table4.1: Observetbased living room smoke layer height estimation for experiments A2, B2
and C2 where three observers (O) estimate when (time in seconds after crib ignition) the
smoke layer reaches five objects of known height inittegl room except where the time is
not available (*), unclear (U), or not attemptéd)(

Exp Z Cam Observed Time [s] Avg. Max.-Min.
" [m] | O1 02 03 04 O5 | Time[s] | Range [s]
2.35| Caml| 143 o) o) * 148 145.5 5
1.89 | Cam2| 287 284 283 0 0 284.7 4
A2 | 1.35| Cam2 * 296 301 o) o) 298.5 5
0.60 | Cam2| 374 s) o) 389 | 374 379.0 15
0.41 | Caml| 361 o) o) 362 | 359 360.7 3
2.35| Caml| 69 o} o} * 73 71.0 4
1.89 | Cam2| 285 | 237 178 0 0 233.3 107
B2 | 1.35| Cam2 * 299 269 o) o) 284.0 30
0.60 | Cam2| 477 o} o} 474 475 475.3 3
0.41| Caml| 453 0 0 452 453 452.7 2
2.35| Caml| 269 o} o} * 317 293.0 48
1.89| Cam2| 586 | 587 | 605 0 0 592.7 19
C2 | 1.35| Cam2 * 632 631 o) o) 631.5 1
0.60 | Cam2 U o} o} 1152 | 1179 | 1165.5 27
0.41| Caml| 1232 o} o} 1388 | 942 1187.3 446

From the Table as well, the obserb@sed estimates of smoke layer height during the Type

A experiment show the expected descent of the smoke layer into the compartment over time.
The average time taken to reach each height further indicates that thelageskheight
descended rapidly, with approximately 215 seconds between the first formation of smoke at
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the ceiling and full obscuration of cameras. An exception to the pattern of smoke layer
descent appears to be the time taken for the layer to desc@reiht above the floor and
obscure Cam2.This makes sense, however, when it is considered that Cam2 actually looks
directly at the fire, which illuminates the view for a longer period of time and thereby
lengthens the time it takes for that view to be absd as shown iRigure4.1.

201|5-07-08 16:43:51

Figure4.1: Cam2 Image 3686 after crib ignition in experiment A@me of Cam1
obscuration)

As with the results iTable4.1 for experiment A2, results of the obser@sed smoke layer
heights with time in experiment B2 show the anticipated descent of smoke layer, again
except inthe case of obscuration of Cam2. There are distinct differences in the results for
experiments A2 and B2 in terms of the range of observed times reported by different
observers. While the observers agree on the time at which the smoke layer was fiest visibl
and the times taken for the camera views to be obscured, a much wider range of values was
reported for when the bulk of the smoke layer reached the top and bottom of the window.
Given the relative consistency of their observations from experiment A2nty indicate
that the descending interface demarking t
below was more difficult to distinguish in experiment B2. One possible cause might be that
the mixing zone was larger than in experiment A2. Basdti@average observed times
reported inTable4.1, the smoke layer in experiment B2 most likely formed before that in
experiment A2 but then took approximately 380 sesdndlescend though the fire
compartment to the height of the cameras.

The experiment C2 results Trable4.1 show the expected descending smoke layer height
but, unlike results for experiments A2 and B2, the time taken for Cam2 obscuration is not out
of order. As can be seenhigure4.2, the smoke is dense, and the fire is simultaneously
decreasing in size such that extraneous light from the fire does not delay obscuration of the
Cam2 view in experiment C2. When looking at the observed time for each indicator, the
ranges of value in thisxperiment is the reverse of that seen in experiment B2, with the
values of time estimated for the bulk of the smoke layer to reach the window having
comparatively low ranges relative to the other estimates of time in the experlimisnhay
indicate thathere was a comparatively small mixing zone below the smoke layer.
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Additionally, the Cam1 and Cam2 obscuration values have long durations, large ranges and
include the only observer note that the event was unclear. Collectively, these observations

may irdicate that the smoke layer did not descend down past the camera height in experiment

C2 but rather the fire compartment eventually was filled with enough smoke (not necessarily
with a well demarcated fAbul ko s meskretheloay er i n
lighting conditions. Finally, in addition to possibly not descendingamera hieghh the

living room, the average observed times for smoke layer filling show that the smoke layer

takes at least twice as long to form and descend to agiitheiexperiment C2 compared to
experiments A2 and B2. It is clear from this first obsebased analysis that distinct smoke

layer height evolution patterns were recorded for each of the Type A through C fires.

201I5EE7EESRTAH23H 4|

Figure4.2: Cam2 Imagel140 s after crib ignition in experime@2 (shortly before
obscuration)

The second set of observagised estimates of smoke layer descent in the living room were
determined using a different method than the first. As@€md intervals in Cam2

recordings, two observers (O1 frarable4.1 and a new O6) worked together to decide
where the Abul ko of t he snhobtheaevindow. yrewobsdrvergan as
counted the number of pixels to smoke layer height location relative to the top and/or bottom
of the window. The known dimensions of the window, both physically and in pixels, were
then used to convert the pixel values intwoke layer height at each time.Higure4.3,

these results are presented in a plot of smoke layer height with time, along with results from
Table4.1. Further, throughout the characterization sections of this chapter (Sectiamsl

4.2), results from Type A, B and C materialerepresented by the colours red, dark blue

and licht grey (moderate grey, dark grey and light grey in greyscale), respectively. Therefore,
the results from the first three observéralfle4.1) are represented in theoplby hollow

symbolsin the colour for the material type (A, B, or C). Only one of the C2 camera
obscuration times (Cam1, 942is marked to avoid stretching the time axis and compressing
the results of interest. In additiosglid symbolsn the colour mdicating material type were
overlaid to mark the second set of results in which two observers worked together to count
pixels and relate that to smoke depth.
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Figure4.3: Living room observetbased smoke ye&r heightestimates from objects (@b

hollow) and courgdpixels over window (Px.solid) for experimentA2, B2and 2( 6, VY
and z, respectively)

It was found to take much longer to estimate smoke layer height using the second, counted
pixel, method than the first observer method because of the precision reigee4.3

shows that the counted pixel method results in more data points but is limiteditogh

during which the smoke layer is within the window height (and proximity) so does not cover
the same range of physical heights or lengths of time as the first observer methweb The
observetbased methods are in good agreement for estimates adrbokte layer heights and
rates of smoke layer descent (slope) in experiments A2 and C2. This lends credibility to the
method and its results. On the other hand, the large difference between the object and pixel
count observebased smoke layer height anesdent estimates for experiment B2 at times
after 240s post ignition is notabland requires further investigation.

Figure4.4 shows images from Camz2 at time2@0sand390sin experiment B2around

the times when the discrepancies in observed smoke layer heightrigane4.4 shows a

At hi no smoke | ay edftheswindawlatl2& awhoiulned tthhee fitboupl k 6 o
smoke layer does not descend to the top of the window until closer toa3&9 crib

ignition. Smoke layer heights estimated using the pixel count method are considered more
correct in this case and differ@es from those determined by observers using objects to
estimate smoke layer height is attributed to observer error. Accordingly, the range of times
for the smoke layer height to reach the heights of the five objects was recalculated to take
into consideraon both observebased methods, for experiments A2, B2 and C2, as shown in
Table4.2. Neverthelesghatthree observers making the same error on the same experiment
must also be considered unlikely. As such, this instance serves to highlight the difficulty that
observers can face when attempting to establish the smoke layer height using video image
analysig20i 26]. Reducing observer subjectivity by establishing a range of possible values
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for the given parameter, is precisely why multiple observers were used to complete the

analysis.
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Table4.2: Observerbased living room smoke layer height minimum (Min.) and maximum

(Max.) estimated times at five heights (Z) for experiments A2, B2 and C2

Z [m] _ Obsgrved Time [s] _

A2 Min. | A2 Max. | B2 Min. | B2 Max. | C2 Min. | C2 Max.
2.35 143 148 69 73 269 317
1.89 250* 287 178 340* 586 605
1.35 296 301 269 >400* 628* 632
0.60 374 389 474 477 1152 1179
0.41 359 362 452 453 942 1388

*Based on a value from the pixel counting obsehesed method

There were no upstairs windows in the Typ€Axperiments and Cam4 was viewing only
theseconédfloor landingand SW roomin order to precisely identify the smoke layer height

using the present types of video analysis, the area must be backlit. Thus, ahljetbe
basedbserver smoke layer height estimation metbmald be used to estimate the smoke
layer heighon the scond floor of the burn house. The result¥able4.3 indicate the times

at which three individuals (O1, O4 and O5) independently identified 1) a thin smoke layer

first forming at the ceiling (z=2.64), 2) the bulk of the smoke layer reaching the door

soffit, door hinge/handle and a mingight steel beam (z=2.13, 1.12m and 1.05n,

respectively), and 3) the smoke obscuring the view in Cam4 (znt).3the observeraoted

the camera time at the top right of the recordings for each event which were subsequently
converted to seconds after ignition by subtracting the ignition time for each experiment from
ndi cates

the noted event time. hable4.3,
unclear. In both instances, however, two independent usable data points were available. The

ouUb i
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average, minimum, maximum, and range (maximum fimenimum time) of the two or
three recorded times are noted on the right sideabfe4.3 for reference.

Table4.3: Obsever-based second floor SW room smoke layer height estimation for Cam4 in
experiments A2, B2 and C2 where three observers (O) estimate when (time in seconds after
crib ignition) the smoke layer reaches five objects of known height except where the time
wasunclear (U). The average, minimum, maximum, and range of times are also provided.

Exp Z Observed Time [s] Avg. Min. Max. Max.-Min.
" [m] 01 04 O5 | Time|s] | Time[s] | Time [s] | Range [s]
2.64| 228 206 191 208.3 191 228 37
2.13] 271 233 201 235.0 201 271 70
A2 | 1.12]| 286 249 222 252.3 222 286 64
1.05| 305 272 282 286.3 272 305 33
0.30| 342 334 331 335.7 331 342 11
2.64| 223 218 218 219.7 218 223 5
2.13| 272 224 233 243.0 224 272 48
B2 | 1.12] 371 258 243 290.7 243 371 128
1.05| 358 274 246 292.7 246 358 112
0.30| 395 394 395 394.7 394 395 1
2.64| 256 274 248 259.3 248 274 26
2.13] 513 U 286 399.5 286 513 227
C2 | 1.12] 571 U 396 483.5 396 571 175
1.05]| 491 457 436 461.3 436 491 55
0.30| 753 750 736 746.3 736 753 17

In contrast to measurements of smoke layer height in the fire room on the main floor, only
moderate agreement can be seen across observer estimates of the time taken for the smoke
layer to reach the five heights on the second floor in experiment A2.tAs living room,

the best agreement between observed times is the time to camera, Cam4, obscuration. While
the overall behaviour is as anticipated, it takes longer for the smoke to descend and obscure
the camera in the second floor (11 secotius)ithe man floor (3 seconds). The range of

times estimated for camera obscuration on the second floor is also the only measurement
range that falls below the highest range (15 seconds) of independently observed values in the
living room for the same experime#t.larger range in value is likely related to a larger

mixing zone, consistent with the notion that mixing increases as smoke spreads further from
the fire compartment. In these experiments, the second floor SW room was several
compartments and a staircasmozed from the fire compartment.

Comparing experiment A2 results betwdeable4.1 andTable4.3, the smoke layer forms
on the second floor (208 after the smoke layer is visible in the fire compartment §)46
This sequence is logichecauséhe smoke spreads from the living room the stairs,
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through the upstairs landing, and into the SW room of the second floor. The expected
collection of smoke at the ceiling and descent into the room is again evident but the smoke
layer appears to descend more rapidly on the second floor, appteki 130 seconds

between first formation and camera obscuration, in contrast to the living room where the
smoke took about 215 seconds to cover the shorter distance between the ceiling and camera
height. This is likely a result of differences in the barogy of the heated smoke relative to

the cooler smokéree air, as well as to flows due to the fire that might cause fresh air

(oxygen) to be pulled from other areas of the house to sustain the fire once the readily
available oxygen in the living room igpleted89,90]

As in the results for smoke layer descent in the fire room for experiment B2, values of the
time taken for smoke layer formation and camera obscuration on the second floor fell within
a smaller range than times observed for the otmeetsmoke layer height indicators. Once
again, this may indicate that a specific den
and lower fresh air was difficult to distinguish. Agatonsistent with expectation, the smoke
layer formed in the fire congotment (71s) before reaching the second floor (220In

general, results show the anticipated behaviour of the smoke layer descending into the
compartment, except for one instance where the times observed for the smoke to reach the
door hinge/handle ahmid-height steel beam were inverted from the expected pattern. Given
the close proximity of these two markers,riith apart, the different pattern could have been
caused by visibility issues and/or local characteristics of the smoke layer at each location
Based on the average observed times, the smoke layer on the second floor descended more
quickly, within about 175 seconds, compared to the smoke layer in the fire room for the same
experiment (approx. 380 seconds). The descent on the second floooagdonger than for
experiment A2 (approx. 130 seconds) indicating that smoke evolution remains different for
fires generated by different materials.

Unlike results for smoke layer height in the fire room for experiment C2 which had its own
patten, estimates of smoke layer height on the sedtwuat follow the same pattern as seen

in experiment B2. Times to smoke layer formation and to camera obscuration were
characterized by a smaller range of values than times observed for the other three smoke
layer height indicators which suggests that the smoke layer interface was difficult to
distinguish as a result of a large mixing zddelike experiments A2 and B2, the average
time noted by observers for the smoke layer to form on the second flos)@&&urs before
the observed formation of a smoke layer in the fire compartment for experiment G3.(293
Looking at the individual responses for observers O1 §286269s) and O5 (248 s. 317

s), which estimate times for smoke layer formation at tmathtions, they agree with this
unexpected assessment indicating that the discrepancy is less likely to be observer error.
Review of the recorded images, such as thoségure4.5, indicates that the large mixing
zone and differing lighting conditions likely contributed to the observers perceiving that a
smoke layer was forming on the second floor before the living room.
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Figure4.5: Caml (left) and Cam2 (right) images 260 seconds after crib ignition in
experiment C2 (approximately when the observers noted smoke layer formation on the
second floor)

The smoke layer behaviour on the second floor in eyt C2 is again consistent with
expectations except for the apparently inverted times taken for the smoke to reach the door
hinge/handle versus the miitight steel beam as explained in experiment B2 above. Based
on the average observed times, the smakerlon the second floor descended more quickly,
within about 490 seconds, compared to almost 900 seconds taken for the living room smoke
layer to descend to the lowest point in the same experiment. The likely causes remain the
same as those in experimeA and B2. In line with the results in the living room, smoke

layer descent on the second floor was still the slowest of the three experiments confirming
that the evolution and descent of the smoke layer is distinct in fires of different material.

Colledively, the observebased smoke layer height estimates appear to largely follow the
expected pattern of descent and smoke progression from the fire compartment to the second
floor. In both observebased methods used in the living room, there is a cifarehce

between the smoke layer progression for each material type. The difference in smoke layer
behaviour between experiments A2 and B2 on the second floor is not as discernable, but in
experiment C2 the smoke layer clearly descends later than ithéretwo tests. Observers
counting pixels at 1:8econd intervals resulted in the same or a greater number of data points
across the window, but the range was limited by the physical heights of the window and it
required a significant analysis time on tteetf the observers. Conversely, observers

tracking the time taken for smoke to reach different objects in the compartment were not
limited by window heights but were limited by visibility of objects with known heights that
could be used to estimate thmake layer evolution in the three experiments.

4.1.2 Analytical Method

Two common smoke lay@nalyticalmethods, the NFPA and Tanaka & Yamana methods,
were selected for characterizing the smoke layer height in the fire compartment for
experiments A2, B2 and Cas discussed i@hapter 3Section3.2 Bothanalysesequire
inputs incliding details of compartment geometry as well as definition of an apprapriate
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heat release rate (HRR) fire growth curve per EquaBdand3.4. The specific inputs used

in the presenanalysesre provided irmmable4.4 with reference in the ghtmost columns as
to which calculation(s) use each variable. Compartment geometry, including the clear ceiling

height, ceiling height above surface of fuel and ceexdional area of the compartment were

taken directly from the dimensions of the burnmoo the UW burn housd-{gure3.3). The
t? HRR parameters, including incubation time$, fire growth constantd){ and growth

times (g), for each of the fires wepgeviously determined [10] or can be calculated based on
the determined values using Equati®a Parametek was selected assuming standard

temperature and pressurethe ambient environme[3]. The values are used directly here
for thet? fire growth curve A2 = 350s,B2 = 400s and C2= 700s) as established in Section

3.2.2
Table4.4: Inputs for the NFPA and Tanaka & Yamana (T&y¥)oke layer heigtanalytical
methods
Variable Value Ref. | NFPA | T&Y
H | ceiling height 2.35m Y Y
h | ceiling height above fire base 1.73m Y Y
crosssectional area of fire 4.32m x 3.2m =
A 2 Y Y
compartment 13.8m
A2=200s
to | incubation time B2=290s [10] Y Y
C2=375s
A2=0.1778kW/s?
U | fire growth constant B2=0.123%W/s> | [10] | N Y
C2=0.017&W/s>
A2=277s Eqd
ty | growth time to reach 1098V B2=382s 33 Y N
C2=618s '
k | constant 0.0764 [6] N Y

Figure4.6 includes plots of the smoke layer height with time determined using both
analyticalmethods with the inputs ihable4.4. Results of the twanalysesre overlaid with
results of observer estimated values of smoke layer height with time in the livingksom.

expected, the incubation time delays the smoke layer descent for both methods because
before
compartment, however, the rate of filling with time is only slightly different, with the NFPA

minimal smokes

produced

t he

fi

r e

ARget s

analytical methoduggesting that the smoke initially fills the compartment somewsigrfa
if moderately delayed, compared to the T&Y estimates. This similarity is expected since the
methods are both based on the same HRR curves. The slight differences are likely related to

t he

NFPA met hlcanpanentobtle fire growthitie contrasted with the

T&Y met h o i sapturesassimiaf aspect of fire behavidAs.a consequence of
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both methods using the same HRR cutkiey agree that smokkescendérst for material

Type A, followed by TypeB and finallyType C. The rate of smoke layer descent (line slope)
does not appear to differ significantly by material typamalyticalmethod. Results of the

two analysesre overlaid with results of observer estimated values of smoke layer height
with time in the living rom inFigure4.6.

A A2 Obs. -- A2 NFPA — A2T&Y
B B2 Obs. -- B2 NFPA — B2T&Y
C2 Obs. C2 NFPA C2T&Y

b

o

A B
A

Smoke Layer Height [m]
o o — : M L W2

0 240 480 720 960
Time [s]
Figure4.6: Living roomrange ofobserveismoke layer heigtgstimatesA, B, C) for
experiments A2, B2 and C2, respectivelyth Tanaka & Yamanér&Y ) andNFPA
calculated heights

Comparing the results of the four methods clearly shows that the calculated values for smoke
layer height in the living room fall within the range of observaldies only for experiment

B2. The calculation results precede the observed smoke layer desceri®ge&ipnds and

155202 seconds for experiments A2 and C2, respectively. However, it is notable that the
range of values for experiment B2 is quite widé2And 131 seconds at z=118%nd

z=135m, respectively) compared to the ranges
4.1.] the pixel analysis values were determined to be more correct than thebaisiedt

observer smoke layer height estimates. Then, more appropriately, the experiraeatyB’

results precede the observed pixel analysis values, the latem{riglst t marke®

Figure4.6, by 2572 seconds which is on par with the experiment A2 results.

The earlier times for smoke layer descent compared to observed values isditage

smoke layer heighanalyticalmethods are intended to estimate conservative times for egress
purposesThus, theanalytical methosl do appear to serve that purpose in these three
experiments. However, while conservative estimates are good foragescplanning, they

do not do a very good job of representing the range of obdeaged values seen in the
experiment and would potentially lead to underestimation of time to trigger smoke detectors
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in real fire eventsAccordingly, theobserveitbasedsmoke layer heighprofilesareusedto
assess the accuracy of the specific valupeitent and integral ratio smoke layer height
estimation methods discussed in the comingsadiions

4.1.3 Specific Value Estimates

As outlined in Sectio.2.3 the specific value method estimates that the smoke layer height
in a room would be located at the height where the temperature reaches or pakses 373
(100°C). Based on this mofjehe smoke layer height over time is estimated as the
experiments progress using measured temperatures from thermocouple rakes T2, T3 and T4
in the living room, and T7 in the second floor SW room (showfignre3.3). Linear
interpolation of temperature between measurement locations (heigrable8.5) is used to
estimate intermediate positions of the smoke layer height. In the living room, where there
were three rakes rather than one, the estimated smoke layer height was calculated at each
rake location and then averaged across the room. Estimates of smoke layer height in the
living room versus time, estimated using the specific value method, are presdfigaden

4.7. Dashed lines indicate the height of the top and bottom thermocouples on the
measurement rakes. The specific vabased smoke layer height can be interpolated in the
regions between these bounds. The minimum and maximum obbasext smak layer

height estimates for each experiment have been overlaid on the plot using the symbol and
colour representing the sofa material of the experiment (A, B or C).

A A2 Obs. — A2T=373K
B B2 Obs. — B2 T=373K
C2 Obs. C2T=373K

o

e

A B

@

Smoke Layer Height [m]
S W : N b W

0 240

480 720 960

Time [s]
Figure4.7: Living room average specific value (T=3K3 smoke layer height estimates
between the highest and lowest thermocou@es @ ) with referencebservel(Obs.)
rangedor experiments A2, B2 and C2

The average specific value (T=3K} estimated smoke layer heights foetliving room
indicate that the smoke layer begins to descend earliest in experiment A2 followed by
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experiments B2 and finally C2. The rate of smoke layer descent (line slope) appears to be
similar for experiments A2 and B2 but much slower for experir@@ithese general trends
agree with the observdased results and the values align well, when the full range of
observetbased times and observed pixel analysis values are consideexgeriments A2

and B2 respectivelyHowever, for experiment C2, tlestimated time of smoke layer
formation and initial descent is much earlier using the specific value estimation than the
observetbased estimation3he observebased estimates of smoke layer height fell within
19 seconds at z=1.88 and z=1.3%n indicating good observer agreement on smoke layer
descent time and, potentially, a small mixing zone. This supposition is suppofeguby

4.8 which shows a distitt transition between no smoke (lower half of window) and smoke
(upper half of window)Thus, there is confidence in the observer results for experiment C2
and, therefore, a specific value of T=3¢8loes not do a good job of estinmgtthe smoke
layer heght in this case. It is possible that a different, though necessarily subjective,
temperature value might be more effeciivestimating the smoke layer height in the living
room for experiment C2

Figure4.8: Close up of window in Cam2 image of experiment(€25s after ignitior)
showing a distinct transition between no smoke and smoke layer

Smoke layer heights on the second floor could not be determined using the specific value
method because the thermaples on the rake T7 in the second floor SW room never
measured temperatures of 3X3Thus, according to the specific value method, there was not
a smoke layer in the second floor SW room. Given that all observers in the olisssdr
method identifieca smoke layer in the room, using a temperature indicator of TKk373he
specific value method is clearly not correct in this instance as was the case for the C2 living
room analysis. While selecting a different indicator temperature was an optiolkes tha

results more subjective without adding any pertinent information to this work. Accordingly,
the specific value method will not be used to characterize the smoke layer height and obtain
values against which the radiance method accuracy can beealssess

4.1.4 N-percent Rule Estimates

The N-percent method estimates that the smoke layer height is located at a position
corresponding to where the measured temperature eqymdschint of the maximum
temperature registered in a thermal profile.(thermocoupleake). Values of N = 10, 20, 50
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and 90 were used in this analysis; thermocouple rakes T2, T3 and T4 in the living room and
T7 in the second floor SW room were used to represent thermal distributions in those two
rooms in experiments A2, B2 and C2. Thdrety of results from the Npercent smoke layer
height analysis includes a considerable number of smoke layer height estimates with time for
each experiment. Accordingly, only a representativessilof the living room results from

only one thermocouplekearepresented and discussed here. This is appropriate because
smoke layer height estimates from the different thermocouple rakes lead to similar results, as
illustrated inFigure4.9 for the Npercent smoke layer height estimates with N = 50 at all

three thermocouples in the living room for experiment A2. Thermocouple rakeiTi8 (

Figure4.9) was selected to represent thg@&fcent smoke layer height estimates for the

living room in the remainder of this sectid?lots of the remaining {gercent smoke layer

height estimates with timfer all threethermocouple rakes TZ3and T4 can be found in the
Appendix The N-percent methodstimates thahe smoke layer heigatould return to the

ceiling, after ~80 s in Figure4.9, due to temperature uniformity in the compartment. For this
reasongstimates found usirthe N-percent methodreonly valid during the initial smoke

layer desceri®].

E
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Figure4.9: N-percent method smoke layer height estimation over time with N = 50 for
thermocouple rakes T2, T3 and ifdthe living room of experiment A2

The results of smoke layer height with time using theektent method with values of N=10
(68),20G771),50¢---),and 90 A A Pakefpredeed iRigure4.10. For clarity, the

results are split into six plots with the living room results on the left and second floor SW
room on the right. Results from experiments A2, B2 and C2 are shown from top to bottom.
The legend for alplots is located above each plot and heights of the top and bottom
thermocouplesd 06 ), between which the smoke layer height estimate can be interpolated,
are included in each plot. Finally, the minimum and maximum obsbassd smoke layer
height estimtes for each experiment have been overlaid on the appropriate plots with the

symbol and colour representing the sofa material of the experiment (A, B or C).
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Figure4.10: Living room (left) and second floor SW room (rightlypercent(N=10, 20, 50,

90) smoke layer height estimatiestween the highest and lowest thermocougdes @ ) on

rake TC3 with referencebservel(Obs.) rangefor experments A2 (top), B2 (middle) and
C2 (bottom)
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As illustrated in the three plots on the rigfand side oFigure4.10, use of theN-percent

method for estimation of smokayer formation in the second floor SW room is not useful

and in this compartment, remote from the fire compartment, another approach would need to
be employed.

The living room results on the left sidefifjure4.10follow a general, and anticipated,

pattern. Results for N = 10 indicate that the smoke layer descends into the room earlier, faster
and lower than estimates based on N #h2@estimate earlier and fastgrowth than those

using N = 50. Finally, results for N = 90 suggest that the smoke layers begin to descend at the
latest time, progresses the slowest, and do not descend very far into the compartment. This is
consistent with expectation because a loweaNe& requires a smaller temperature rise in

order to signal the presence of the smoke layer.

When the Npercent results for experiment A2 are compared to the obdmaged results in

the top left plot, it is interesting to note that no single value abi fthe Npercent analysis
coincides entirely with the observed smoke layer. Rather, the observed values of time for
smoke layer descent consecutively fall in the N = 10, to 20 and finally 50 range of traces. A
similar trend appears to occur for the livirgpm results from experiment B2 in the left,

middle plot ofFigure4.10. In contrast, the observed values for smoke layer height with time
in experiment C2 do not fole as consistent a trend, but instead are distributed across the
range from N = 20 to N = 90 (bottom left pldBased on analysis of data from these three
experiments therefore, values of N could fall anywhere between N = 10 and N = 90; there is
no singlevalue of N that can be used in theplrcent method to reproduce smoke layer
height estimates that follow the observed values. Thus, use offibecBint rule for

estimation of smoke layer height here is not particularly useful, and in the worst case can
lead to very misleading characterizations of smoke development in a compartment. It is, on
the other hand, in one sense conservative in terms of initial smoke layer development time,
since the smoke layer is noted as having formed and begun descendiegheefibservers
noted that a smoke layer had even formexd the highest A, B or C symbol(s) were right of
where the Npercent results started).

As illustrated in the three plots on the rigtand side oFigure4.10, use of theN-percent

method for estimation of smoke layer formation in the second floor SW ionat useful

and in this compartment, remote from the fire compartment, another approach would need to
be employed.

As with the specific value method, it might be possible to guess and find a value of N that
could be used in the-Nercent analysis to tsmate smoke layer formation and descent for
each experiment and location. This approach would again add significant subjectivity to the
results without adding any pertinent information to this work. Thus, thersent method

will not be used to charactee the smoke layer height and obtain values against which the
radiance method accuracy can be assessed.
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4.1.5 Integral Ratio Estimates

The integral ratio method can be applied to estimate smoke layer height by calculating the
uniformity of the upperand, ind@endently, the lowelayer temperatures in a compartment.
That information is then used to determine the height that simultaneously results in the most
uniform upper and lowerlayer temperatures. This height is taken to be the smoke layer
height for thapoint in time. Calculations are then repeated at every time step for the duration
of the period of interest. This method was used to estimate the evolution of smoke layer
height over time in experiments A2, B2 and C2 for the three thermocouple rake8 @] T

T4) in the living room and rake T7 in the second floor SW room.

Smoke layer height estimates determined using the integral method are pl&itpded.11

with results of analyses from thermocouple rakes T2, T3, T4 and T7 shown in plots a), b), c)
and d), respectively. The legend for all plots is located at the top of the figure. The top and
bottom thermocouple heightd ( d ), that serve as the interpolation tisy do differ by
thermocouple rake and are marked on each plot. The minimum and maximum ebserver
based smoke layer height estimates for each experiment have been overlaid on the plots with
the symbols and colour representing the sofa material of theireper(A, B or C).

Initial examination ofigure4.11 indicates that results of smoke layer formation and descent

as determined using the integral method with temperatata from thermocouple raké4

and T7 are generally unclear, unsteady and do not further the smoke layer height
characterization process. Results of the integral ratio method using temperature data from
rakes T2 and T3 in the living room, however, cade that the smoke layer descends first in
experiment A2, then B2, and finally C2 in line with the observed smoke layer descent.

Further, both seem to do a reasonable job in approximating the observed results early in
experiments A2 and B2. T3 also doagasonable job of approximating the observed results

in experiment C2. The rates of descent determined through analysis of data from T3 are quite
encouraging as they follow the observed patterns of smoke layer development and descent
for experiments A2 ahB2, and indicate a slightly slower rate of descent for experiment C2.

In contrast, detailed results from analysis of temperature data from rake T2 are more
inconsistent in demonstrating the observed trends, except at early times in experiment A2 and
to alesser degree B2Despite this early agreemenbne of the usable integral ratio method
results indicate that the smoke layer descends to the height of either Cam1 or Cam2 (<0.6 m).
This contradicts the clear indications from the observers that theedagad did descend to

these heights in at least experiments A2 and B2. Therefore, since the integral ratio method
does not pick up the smoke layer descent to camera heights in the fire compartment (living
room) and cannot predict the smoke layer heigkthiénsecond floor SW room it is also

removed from contention for characterizing smoke layer height.
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Figure4.11: Living roomthermocouple rakes a) T2 b) T3 and c) ddgdd) second floor SW
room rake T7ntegral ratio (Int.smoke layer height estimatlkstween the highest and
lowest thermocouple®( 0 ) with referencabserver(Obs) rangedor experiments A2, B2

and C2

Based on preliminary analysis of video trades growth characteristics anemperature
data collected during the A2, B2 and C2 fire experiments, the obdwmsed smoke layer

height estimation has been established as the best method for characterizing smoke layer

height in fire experiments. While there is some controvi@8}y observer methods are also

t he

mo s t common Abasel

neo met hondies[23is e d

25,30] Conceptually, it may also be more intuitive to estimatestheke layeheight
visually, rather than indirectly through temperatoréhe heat release rate of a figinceit is

ultimately intended for use in capturing the impact of the smoke layer (and the toxic gases

within) on occupant visibility and ability to evacuagecordingly, the smoke layer heights,

109

f

or



as perceived by multiplebservers of video recordinggeu s ed t o establ i sh the
Areferenced smoke | ayer height against which
methodsarejudged in Sectiond.4and4.5, respectively. Before discussion of those results,

however, a similar analysis is outlinedtire next section to determine which of a set of

existing methods best characterizes, and thus can be used as a reference for determination of,

the smoke density in this research.

4.2 Smoke Density Characterization

As the new radiance method for estimating kenkayer height and density was being

developed and refined, it was necessary to compare the results of smoke layer height to other
methodsandto compare the results of smoke density estimations from the newly evolving
method(s) to other methods as whillthis Section, the reference rankings for smoke density
used for that purpose are reported and discussed. The smoke density rankings were obtained
using the smalland fullscale methods outlined in Secti®18. Smaltscale values and

rankings from saved Type-& materials obtained using smoke density chamber tests are
detailed in Sectiod.2.1where values are also compared to published values for similar
materials. In SectioA.2.2 full-scale rankings are presented. These were obthined

independent observers who visually ranked the opacity and thus estimated the density of the
smoke as the smoke layer passed over a window in the burn house experiments. These
observer rankings are then compared to the smoke density chamber rankirtgrip/l type.
Collectively, the results are used to characterize the smoke density of the -Gypeaterials

as a baseline reference for comparison to results obtained using the new radiance method
later in this chapter.

4.2.1 SmallScale Data Estimates

A total o 29 smoke density chamber ISO 565f56] tests were conducted on #Bn x

75 mm samples oftie foam and foam/fabric combinations used in Typ@ #xperiments.

Each sample was cut to size and then exposed to an incident heatS0V@fm?in the

chamber. These tests, completed in three distinct series, were used to determine maximum
specific optical density, as discussed in SecB@l The last of the three series was
conducted to determine the accuracy of the first two series after it veasetied that that

the smoke density chamber had not been functioning correctly for the first two sets of tests.

Mean values and standard deviations of measured maximum specific optical density for each
material and material combination were obtained adrodividual tests within each series.
The number of samples included in each value, as well as resulting values are summarized in
Table4.5. In each test series, the amemaximum specific optical densitgmay) is used to
rank the materials where higher values indicate smoke that is more dense and, thus, receive a
higher rank (lower numerical value) on the scale of highest (1) to lowest (3) potential smoke
density. Thestandard deviation (Std. Dev.) of tNesamples included in the mean calculation
indicate how varied the results were for each material within each series as well.
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Table4.5: Smokedensitychambemaximum speific optical densityresults forType A, B,
and Cfoam and foam/fabrimaterial combinationtested used to rank from most dense
smoke (1) to least dense smoke (3) in three series

Type | N | Mean| Std. Dev. | Rank

Series I Foam Only

A 3 114.0 0.3 2

B 3 | 116.3 0.1 1

C 3 | 110.5 8.2 3
Series A FoaniFabric

A 3 | 119.9 0.9 1

B 3 | 119.3 0.5 2

C 3 94.3 24.9 3
Series 3 Foam Only

A 4 | 236.6 19.1 2

B 4 570.1 144.8 1

C 3 | 163.1 13.5 3

In Series 1, the medds maxvalues for all three foams fall in the small range of 110.5 to

116.3. The Type A and B materials exhibit very small standard deviations in value (0.3 and
0.1, respectively) indicating good agreement of the measured valygngbetween tests.

The standrd deviation in the Type C material tests was larger (8.2) indicating less
agreement. The overall material rankings for Series 1 were that Type B foam samples
resulted in the most dense smoke followed closely by Type A foam and finally Type C foam.

Resuls for mearDs max0f Type A and B foam/fabric combinations in the second series of
tests, Series 2, were extremely close (119.9 and 119.3, respectively) and the standard
deviation in values was again small, though larger than in Series 1 (0.9 and @&;jvely.

The measured value Bk maxfor the Type C combination is much lower (94.3) and the
standard deviation much higher (24.9) than that of Types A amtiésignificantly higher
standard deviatiom values of average maximum speciiatical densityfor Type C

materialsfrom Series 1 and 2 testing due to the large variation in ignition time; both the
longest and shortest ignition times of all neries Zoam/fabric tests were during Type C
tests.The same may be true for the $eril foam only tests but this could not be verified

since the time to ignition was not recorded for one of the tests. Based on thBgrean

values, Type A foam/fabric combinations led to slightly more dense smoke than Type B with
Type C a distant lasthus, the rankings for smoke production from Type A and B materials
flipped between Series 1 and 2 tests, but the standard deviations in Series 2 indicate that this
was based on a very small margin of difference. As a result these materials could be
consicered to be very close in terms density of smoke produced under the test conditions.
Overall, the values were consistent enoughriedn valuesf Ds max Wereindividually used
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to rank the materiafsom 1 (highest smoke density) through 3 (lowest smakesidy)in

terms of their potential to produce smoke during a fire though the ranking was somewhat
contradictory to visual evidence derived from the videos of the fires, prompting additional
investigation.

On further testing through Series 3, where thekentensity chamber was known to have
been fixed and was thus working reliably, a much larger range of values oDyeaand,
consequently, larger standard deviation were measured for foam samples of each type.
Despite the larger values of standard dgen (13.5144.8) in this test series the mean values
provide a clear ranking of smoke production across the three materials. Type B foam
produced the most dense smoke (570.1), Type A produced less than Type B (236.6) and
Type C produced the least denseoke (163.1) under specified ISO test conditions.

Despite the large variatisiin valuewithin a given serieghe average maximum specific

optical density value is consistently lowest for Type C fa@auth foam/fabric combinations.

The maximumvalues ofspeific optical densityfor Type AandB materials indicate that

they produce more dense smoke than Type C materialsdutanking in terms of smoke

density appears difficult to ascertain since it was different in the tests with foam only samples
(Seriesl and 3) versus those for the foam/fabric combination (Serieh&) the rank

flipped by a small margin. It is felt that overdltie most reliable smoke density rankings are
from Series 3 smoke density chambestson foam samplegherein, compared witType A

foams Type C materials produced less dense smoke and Type B more dense.

With respect to uncertainty in the results presentdbie4.5 and discussed above, it has
been noted that in the earlier tests (Series 1 atftteZmoke density chambeas most
probably noworking correctly particularlyin the lower transmission rangeg., as the
specific optical density reached its maximuatwe.Unfortunately, it is also possible that
some of the variations in the Series 3 results are bettari$@am aged ovehetime elapsed
between Series 1/2 and Series 3 tE§ Specifically, changeis fire retardant
concentration with timenaybe the causef the larger standard deviationnmeasured values
for thefire-retardantType Bmaterials irnthe Series 3ests[124] in contrast to the Type A
and C materials which were non firetardant and lightly fireetardant, respectivelfrurther
tests will be conducted in futuveork unrelated to this thesis betterascertain the potential
impact of material aging on resutt§ smoke density testing of the materials used as well

Despite uncertainty in the early test results and potential effects of ageing in the most recent
tests, applicable measured values of maximum specific optical desysted inTable4.5

for the three materials/material combinations compare reasonably to applicable results from
the literature. Since results detailed in Chapt€alle2.2 are for non fireretardant flexible
polyurethane foams, only Type A materials tested as foam only (Series 1 and 3) are
comparable. Values of maximum speciiatical density from Series(flexible

polyurethanejoam only tests (114.0) are below and those from Series 3 foam only tests
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(236.6) are above the most applicable published value[§83)/for flexible polyurethane
foam Though the magnitudes are not equal, it should be noted thatwdlsof maximum

specific optical density measured in thésstdor theType Afoamare reasonable, since
theyfall within thefull range of published values for flexible polyurethane foahto 284
[53,56,57,63,65]

For comparison with these smalttale resultst was of interest to evaluate the video
recordings of the Type &£ experiments in more detail as well and to determine whether the
full-scale tests for comparable material types atddltsimilar smoke progression
characteristics and rankings as seen above. Specifically, the next section of the analysis
addressed wheth@&ype C sofdires appeared, from visual video evidence, to protess
dense smokthanType A or B sofdires. Therefore, in the next phase of the preliminary
analysis, themoke density chamber resulierecompared tmbservetbased estimates of
smoke density determined by three observers via visual inspection of images, coupled to
global ranking of their perceptiaf smoke density, seen in the video recordings from Type
A-C experiments. These results form the subject of the next section.

4.2.2 Full-Scale Data Estimates

A crude observebased smoke density estimation method was detailed in S8c3i@An

image was selected for each of the nine Typé éxperiments when the smoke layer was

over the window visible in the Cam2 view. Three observers@om Section4.1.])

i ndependently estimated the smoke o&6thickness
smoke density (1) to lowest smoke density (9) with results showable4.6. The average

rank for each material across all estimates (N=8 or 9) is also displayed. This value was used

to provide an overall ranking of smoke density from each material as shown in-tiggntfar

column of the table. In the Table, * indicates that no usable entry exists.

Table4.6: Three observers (G3) independently ranked the smoke density of the nine Type
A-C experiment&xcept where theankis not available (¥

Material | O1 02 03 Average Density
Rank
7 5 5
Type A 6 6 7 6.1 (N=8) 2
5 8 *
2 2 1
Type B 1 1 2 2.0 (N=9) 1
3 3 3
4 4 4
Type C 9 7 6 6.6 (N=9) 3
8 9 8
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Observer estimates of the smoke density in imagesttieritype A fire, as shown ifable

4.6, are a mix of midto low-density ranks () resulting in an average estimate of 6.1.

There are only 8 estimates for this matdbiat, regardless of what rank is used for the data
point that is unavailablehe overall ranking of smoke density in the Type A fires relative to
Types B or C would not chang@bservers estimates uniformly rank the smoke density in the
Type B fires ashe highest (43) of the three materials with an average estimate of 2.0.
Finally, smoke density based on images from the Type C experiments were consistently
categorized by observers as being in the-dl@nsity range (@), though interestingly for one
fire tests, the density was consistently ranked as being 4. This discrepancy perhaps indicated
that actual accumulation and density of smoke varied quite widely between experiments or
the observers were provided with a poorly selected image for ranking ipattiicular
experiment. Averaging across all estimated values resulted in an overall smoke density
ranking with an average of 6.6. From observer based analysis then, Type B material fires
appear to produce the most dense smoke (rank 1), while Type AypadCTmaterials appear

to generate the second and third most dense smoke during thedalgére experiments
(ranks 2 and 3, respectively).

A comparative summary of the smoke density rankings for each material based on observer
results from fulscalefire images and measurements obtained fronsitheke density

chambeiis shown inTable4.7. There is agreement between both sraaidd fulkscale

estimation methods thabfa fires fuelled by material Type B produce the most dense smoke
with Type A materials next and Type C materials producing smoke that is the least dense.
Accordingly, these ranksreused as a baseline for comparison of derived smoke density
estimates sithe radiance method is developed in the coming sections.

Table4.7: Comparison of smoke density results betweersithallscalesmoke density
chamber andull-scaleburn house experiments

Rank Smoke Density Burn House
Chamber Experiments

1 B B

2 A A

3 C C

Results obtained for smoke layer height and smoke density during the iterative development
of the radiance method are presented in the remaining sections of this chapter. Results from
the earliest prototype of the radiance method are presented in treectiom, and

interpreted with focus on lessons learned and the potential impacts of those as they relate to
how to improve the method. Those were applied in development of the penultimate method
detailed in SectioB.5.2with results presented in Sectidrl. Further refinements to the

method were made as outlined in SecBddand results for smoke layer height and density
obtained using the final radiance method are presented and discussed in4&Sgction
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4.3 Lessons Learned in Early Radiance Method Iterations

Iterations of the early radiance method that were presented in Sé&itbrepresent the first
attempts to develop a method similar to the Digital Optical Method for smoke analysis in

large scale fire scenarios. Three early iterations were used successively to characterize smoke
evolution based on video recards from historical experiments C1, C2 and B1.

Collectively, the results pointed to gaps and pitfalls in application of the method, prompting
significant changes that were then incorporated into development of the penultimate method.
Results of initial ierations and the consequent modifications from early to penultimate

radiance method form the subject of this section.

4.3.1 Iteration 1

The first of the early radiance method iterations was used to analyze images from recordings
captured by Cam1 and Cam2tive living room and Cam4 in the second floor SW room

during experiment C1. As detailed in Sect®B.], the video recordings from each camera

were converted into sequences of images through time, a reference image was selected from
the beginning of the fire and contrasting light and dark draddo be selected from that
reference. Next, pixel values had to be extracted from each of the contrast areas on each
image. At first, however, it was unclear whether the mean, median, mode or even the
standard deviation of the pixel values in each ar@aldvbe the best indicator of a

representative value for that ar&xamination of the standard deviation was included to
determine whether the data became fimore unif
progressed and might precipitate a radiancénatevariation similar to the DOM

transmission method but this did not work.

In this iteration, therefore, analysis was conducted to determine which statistical quantity
would best represent pixel value, and changes in pixel value, for a given imagetheiring
radiance analysis. For this, the mean, median, mode and standard deviation of pixel values in
sequential Cam1 (colour) and Cam4 (greyscale) images were extracted. These results are
displayed as plots of each statistical measure of pixel value (0 blagke 255 = pure

white) against time ifrigure4.12.

Looking at the results from colour images taken from Cam1l recordings and plotted in the left
plot of Figure4.12, a general pattern emerges, with relatively stable values for all statistical
guantities for the first 360 seconds into the experiment. At this point the values of all
statistical measures increase, by differing amounts, and the stability of the results varies
depending on the measure chosen (mean, median, mode, standard deviation). Mean and
median values follow similar trends to one another but with differing magniiadiges of
the mode broadly follow the same pattern as the mean and median but become much more
unstable as they are influenced by short term changes in individual pixel values because of
variations in lighting conditions in the compartment due to fiekdring, for example. The
standard deviation of pixel values in images extracted from Cam1 show that the light from
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the fire influences the standard deviation, which increases as the growing fire makes lighter
(brighter) and darker (shadowed) areas moegadent, thereby increasing the full range of
individual pixel values in the images. The trends seen in the results for standard deviation of
pixel values are contrary to expectation that the standard deviation of the individual values
would decrease asdlsmoke descended and made the images a more uniform colour.

250 A 250 A
— Mean — Mean

200 4 = Median 200 4 — Median
) Mode o Mode
=150 4 —— StdDev =150 { —— StdDev
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0 120 240 360 480 600 720 0 120 240 360 480 600 720
Time [s] Time [s]

Figure4.12: Mean, median, mode and standard deviation (StdDev) of all pixels in Cam1
(left) and Cam4 (right) images in experiment C1

Statistcal measures calculated using pixel values extracted from the greyscale images
captured by Cam4 upstairs in the structure are also plottedune4.12 on the righthand

side. In contrast to results from Cam1, these show the expected decrease in value of standard
deviation as the smoke makes the image a more uniform shade of grey. In this case, while the
mean and median start at different pixel values, difference betthem gradually narrows

and they approach the same values as the experiment progresses. The mode indicates an
initially a fairly uniform shade of grey in the image, near pure white, before it drops in value

at abou#t80 secondsito the experiment and ssequently follows approximately the same
pattern and values as the mean and median.

Overall, the pixel value corresponding to the mode of individual pixel values in the image
was easily discounted for the analysis because, in images from both canvesiagpid

easily influenced by the presence of the fire or the descent of the smoke layer. The standard
deviation showed susceptibility to lighting conditions based on the Cam1 results and so it
was also discounted. Thus, the decision ultimately came daWwoiee between use of the

mean or the median of the individual pixel values in each contrast area since these two
statistical measures generally follow the same pattern. For the purposes of application with
the radiance method, one did not appear to bxlgtbetter than the other, as long as

whichever quantity is chosen is used consistently throughout all steps in the analysis. Thus,
the mean of the individual pixel values within each area was selected in this thesis, largely
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because this was also thdueused for the analysis in the original version of the Digital
Optical Methodalthough no reason was given for this ch¢ts 76]

After the above determination, the mean pixel values were extracted from each selected
contrast area in each image. Theselpvalues PV) were transformed into radiance values

(N), by assumingN = PV, and then used in the framework of the radiance method to calculate
the smoke density for each contrast pair in each image. Results from Cam1 in experiment C1
are presented firsBmoke density results from this first iteration are plotted against time in
Figure4.13for selection areas taken from the top (T), bottom (B), left (L) and/or (i)hof

the window (W) and chair (C) as well as at the smoke detector (Det) visible in the camera
view shown inFigure3.21. In order to better interpret the resultsestibn areas from the
left-side of each object have been separated out and are displayed in the left plot (L) in
Figure4.13 while the remainder of the smoke densitgé®are displayed in the right plot (R,
Det). Each trace in the plot is designated as W:T (window top), W:B (window bottom), C:T
(chair top), C:B (chair bottom) or Det (detector).
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Figure4.13: First iteration smoke density results for Cam1 in experiment C1 with selections
at the top (T) and bottom (B) of a window (W) and chair (C).-k&fe areas selections (L)
are in the left plot while the right plot has riggide selections (R) and selections from a
smoke detector (Det.)

As seen from the figure, this initial anal ys
densityo values, with sever allOOPbanyakingg out si de
difficult to interpret the calculated valu€3n the other hand, some clear trends were evident
in that the smoke density traces from Cam1 which showed marked increases at certain times
after ignition. This observation indicated that there was potential for tlecadmethod to
be used to estimate the position of smoke layer height combined with an increase in smoke
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density.Comparison of the left and righthand plotg-igure4.13 show that the values of

smoke density determined from pixel analysis of areas chosen from the left side to the right
side of the window or chair are distinctly different. Values of smoke density derived from
pixel analysis areas chosen on the left sideither object appeared much less stable than
values determined using areas to the right side and also led to estimates of smoke density of
well below 0% and above 100%. The discrepancies were likely related to susceptibility of the
analysis to brief the when the pixel areas to the left of the objects were brightened or
darkened by flickering of the fire.

In contrast, estimates of smoke density based on analysis of contrast areas chosen to the right
side of the window and chair were generally smoactimer remained below 100% smoke

density. Focusing on the right plotfigure4.13, therefore, the smoke density values

increase first based on pixel areas taken closgbetsmoke detector, followed by those to

the top right of the chair, and finally the bottom right of the chair. This sequence of selection
areas actually corresponds to pixel areas in the image from highest to lowest physical
locations in the compartmeriigure4.14 supports this supposition because the smoke

detector (circled) is almost entirely obscured while the smoke layer remains above the
window (underlined) 488 after ignition in line witH-igure4.13. Thus, it was ascertained

that the method, with appropriate refinement, could most probably perceive descent of the
smoke layewithin a fire compartment. Smoke density estimates derived from the pixel areas
to the top right of the window may also have matched the above pattern, but unfortunately an
observer outside the burn house looked through the window in the time penberest,

greatly influencing the pixel values within in the measurement areas and thus estimated
values of smoke density as well.

20115-07-06 17:36:52

Figure4.14: Caml imagdrom 480s after ignition in experiment Ghowing the smoke
detector (circled) almost entirely obscured and the smoke layer above the window
(underlined)
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Smoke density estimates from initial radiance analysis of pixel areas chosen from images
recorded by Cam2 in experiment C1 are plotted agamstghown inFigure4.15. Selection

areas include those taken from the top (T), bottom (B), left (L) and right (R) of a window

(W) visible in the camera view, with legdson the plot as outlined above. In order to better
interpret the results, the selection area from thesldft of objects have again been separated
out and are displayed in the left plot with the remainder of the smoke density traces displayed
in the rght plot.

Estimates of smoke density derived from Camz2 pixel areas are difficult to interpret because
they are almost entirely large negative values (for reasons discussed sheriby)Caml,
however, it can be seen from the plot that the smoke desstitgates from the right side of

the window (right plot) are smoother, can be calculated over a longer time period, are less
negative, and increase at longer times, possibly indicating the presence of the smoke layer,
though delayed relative to times saemhe analysis of images from Caml. The spikey data
determined based on analysis of pixel areas located on the left side of the window (left plot)
is again likely related to susceptibility of the analysis to alternating times when the pixel
areas to theefft of the objects were brightened or darkened by flickering of the fire visible in
the video recordings. Values of smoke density can be calculated for longer times using pixel
areas chosen to the right side of the window since the fire grows from figftan the

image and therefore passes in front of the left pixel analysis areas before the right areas. Both
observations indicate that pixel analysis areas should be chosen farther from the fire if
possible, in line with the same requirement outlinetthanderivation for consistency in
determination of the radiance in SectiA.
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Figure4.15: First iteration srake density results for Cahin experiment C1 with selections
at the top (T) and bottom (B) of a window (W). L-sitle areas selections (L) are in the left
plot while the right plot has rigtgide selections (R)
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Examination of the times at which smoke dngalues do increase quickly in the right side
plot, indicates that values start to rise first based on analysis from pixel areas situated at the
top of the window followed by a rise from areas at the bottom of the window. This is again
consistent withhie anticipated pattern of smoke layer descent in the compartineaty,
comparing between the Caml and Cam2 resufggure4.13 andFigure4.15, respectively,

many of the smoke density traces increase in value at be608ei 660Gsecondsnto the
experiment, indicating that cressrification may be possible and would certainly play an
important role in both development and refinement toward any final method.

Upon further examination of the negative values of smoke density deéstipased on

chosen pixel areas in images taken by Camz2, it was found that these are, in part, due to the
camera angles used in the experimbnthis first application of the radiance method,

selection of the dark areas in these images proved to bergjiath(but crucia) since

options were limited to not very dark drywall that was further brightened by glare in early
recorded image#\dditionally, as the experiment progressed, the glare on the drywall was
reduced (possibly by a passing cloud or, mikedyl, because of accumulation of a very fine

layer of smoke) while backlighting of the window maintained reasonably consistent values in
the chosen light pixel areas. Since the range of pixel values increased, the resulting values of
smoke density becanmegative since the calculation proceeds as

‘0¢ QorQe QQ
0t Qoras 0o P
This observation spoke to the importance of choice of camera position for success in future

radiance analysis and also prompted a lmedstigation into the contrast achieved for each
of the selection pairs in the Cam1 and Cam2 analyses.

Y Y T

Table4.8 details the contrast {llw/Ng [76]) and initial pixel rangeNw-Ng) for each of the

selected contrast pairs chosen in images extracted from Caml1 and Cam2 recordings in
experiment C1. The table shows that the contrast and initial pixel ranges are uniformly higher
in pixel areas chosen from the riggitle of the objects (wdow and chair) in the images
compared to those chosen on the-$adfe of the objects for both Cam1 and Cam2. Given the
noticeably improved results established through analysis of pixel values determined using the
radiance method with data from areash® rightside of the objects, and the initial contrast
differences between right and left side summarizelhine4.8, it wasconfirmed that the
difference in initiallight and dark area values is critical to success of radiance analysis of
smoke evolution from fires.

Collectively, this first iteration radiance analysis based on mean pixel values from areas
chosen within images from three camera views Caml, Cam2 and i@axperiment C1
provided results with sufficient promise to merit further investigation of the technique.
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