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Abstract

Fire Safety Engineering is required at every stagthe life cycle of modern-day
buildings. Fire safety design, detection and suggos, and emergency response are
all vital components of Structural Fire Safety bate usually perceived as
independent issues. Sensor deployment and expoited now common place in
modern buildings for means such as temperature, qaality and security
management. Despite the potential wealth of infeionathese sensors could afford
fire fighters, the design of sensor networks withunldings is entirely detached from
procedures associated to emergency managementexXpeeiences of Dalmarnock
Fire Test Two [15] showed that streams of raw @ate@rging from sensors lead to a
rapid information overload and do little to impro¥e understanding of the complex
phenomenon and likely future events during a réa&. fDespite current sensor
technology in other fields being far more advanteah that of fire, there is no
justification for more complex and expensive sesdarthis context. In isolation
therefore, sensors are not sufficient to aid emmergeesponse.

Fire modelling follows a similar path. Two studieé Dalmarnock Fire Test One
demonstrate clearly the current state of the afrefmodelling. A Priori studies by
Rein et al. [65] showed that blind prediction of #avolution of a compartment fire is
currently beyond the state of the art of fire médglpractice. A Posteriori studies
by Jahn et al. [45] demonstrated that even withpitoevision of large quantities of
sensor data, video footage, and prior knowledgehef fire; producing a CFD
reconstruction was an incredibly difficult, labargy intuitive and repetitive task.
Issues of accuracy aside, these models demand heseyrces and computational
time periods that are far greater than the timeaated with the processes being
simulated. To be of use to emergency respondees,othput would need to be
produced faster than the event itself with leadetito enable planning of an
intervention strategy. Therefore in isolation, mlodetput is not robust or fast
enough to be implemented in an emergency respaesaso.

Fire fighting is therefore left as an isolated watyi that does not benefit from sensor
data or the potential of modelling the event. lolason sensors and fire modelling
are found lacking. Together though they appearotonfthe perfect compliment.
Sensors provide a plethora of information whiclk¢aimterpretation. Models provide
a method of interpretation but lack the necessafgrination to make this output
robust. Thus a mechanism to achieve accurate, ytirpeddictions by means of
theoretical models steered by continuous calibnadigainst sensor measurements is
proposed.

The concept of super-real time predictions stebgetheasurements is studied in the
simple yet meaningful scenario of concurrent fldanfe spread. Experiments have
been conducted with PMMA slabs to feed sensorid&taa simple analytical model.
Numerous sensing techniques have been adaptedetb de simple algebraic
expression from the literature linking flame spredldme characteristics and
pyrolysis evolution in order to model upward flasygread. The measurements are
continuously fed to the computations so that ptmes of the flame spread velocity
and flame characteristics can be established &t ieatant in time, ahead of the real



flame. It was observed that as the input parametethe analytical models were
optimised to the scenario, rapid convergence betvilee evolving experiment and
the predictions was attained.
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1 Fire Safety and Emergency Response in the Built Eimonment

Fire Safety is required at every stage in thedifele of modern-day buildings. The
process begins with the conception and design sthgebuilding. It then continues
to be involved throughout the entire life time dfustures, in the construction,
approval, operation and decommissioning phasesvaheus elements of Structural
Fire Safety can be broadly separated into threen si@ges: fire safety design, fire
detection, passive and automated suppression systemd active fire fighting by

emergency responders. Despite the intertwinedioakttip between Fire Safety and
buildings in modern day construction, these threginmaspects of Fire Safety
generally occur independently.

The fire safety design or strategy aims to ensw&ea@ and rapid means of evacuating
the occupants of a building in the event of a fisdilst minimising its growth,
spread, and effect on the structure. This involires definition of egress paths,
signalling, smoke barriers and compartmentatioarnas, structural strengthening /
reinforcement, structural fire proofing, suppressiand detection systems. The
design and planning of these elements generallg fahder the jurisdiction of
Engineers and Architects, who must demonstrateltaa approval authority (such
as the Fire Service) and to the building manadeas the various aspects of their
strategy will fulfil their requirements of keepirige occupants and the emergency
responders safe and unharmed until any fire hagrelteen extinguished or burned
out. These elements provide the passive respdmsdydt line of planned defence in
the occurrence of a fire emergency. Once a sigaatfirapproval is given by the
local authority to acknowledge the final provisiand assembly of an acceptable
passive fire safety system, the role of the Engmaad Architects with respect to the
building is usually over, thus decoupling their @fie knowledge of the system from
any future incidents.

From the inauguration of a building, during its Igaisage, the responsibility for
evacuation of the inhabitants, maintenance of gjgnaxtinguishers, detectors,
sprinkler systems etc., and general compliance thighfire safety strategy falls on
the building owner. In the event of a fire, it igpected that detectors, which can be
of varying levels of sophistication and sensitiyiyill provide early warning of the
presence of fires, enabling the building occupamt®llow the clearly indicated and
possibly pre-rehearsed evacuation routes. Firesamuke barriers should afford the
evacuees sufficient  protection whilst containing e th fire  through
compartmentalisation or sprinkler systems. Whethéomatically or manually, the
Fire Service should be alerted to the presencheofite and deploy a response team
to the scene thus surpassing the role of deteatidrpassive response systems.

When a fire fighting unit arrives at the scene dir@, responsibility for the building
passes to them. With little or no prior knowleddetlee building layout, current
occupancy, fire location and size, or structuralltie they must perform a systematic
search of the building for any individuals who nsil be inside. Once a search is
completed, any information gleaned as to the simklacation of the fire, building
layout and contents, and general state of conditwathin the building is pooled and



assessed, and if deemed safe to do so, an attempde to extinguish the fire. In
more favourable cases such as those concerning madern buildings which are
generally more sophisticated, there is provision dome information to be made
available to emergency responders. In most casesntiudes availability of up-to-
date blueprints, afore mentioned and possibly impleted emergency management
plans, and security camera footage. Alarm panelg indicate which detectors and
fire suppression devices have activated, thus ksttaly in a crude manner, the
approximate location and magnitude of the evensplide these aids, the Fire Service
generally operates from a position of little or mdormation when it comes to
fulfilling their duties, thus forcing reliance omtuition and experience in dealing
with the specific circumstances at hand. Throughloistwhole process there is little
or no knowledge transfer between the parties irashh\Responsibility for safety is
passed on at the various stages of the buildimgsytcle, between people from very
different backgrounds and knowledge bases, howtheeiindividuals’ expertise is
not.

1.1 FireGrid

Berry et al. [7] have proposed a concept by whiwh éncertainty and information
deficit present at the time of emergency responfie ispect to fires and structures
could be mitigated. Called FireGrid, the projecmsito combine sensing and
modelling techniques to provide an accurate fotezfaléve fire events and structural
response which can then be used to create andnmptea response strategy. The
project advocates the use of high performance cangp@HPC) over a distributed
network to supply extensive and available componati resources to enable the
creation of such predictions. Artificial Intelligea (Al) planning techniques could
then be implemented to form an intervention stnatbgsed on these predictions,
making use of the available resources, both hunmahnaechanical, to attempt to
evacuate occupants, fight fires and preserve thectste and its contents. The
biggest challenge with regard to fire is the forgiof predictions of the fire
evolution, which would heavily challenge existiransing and modelling techniques.

1.1.1 Fire Modelling

Fire models have become widely used in modern dayeingineering. There are
many examples of fire modelling being used to madal fires; from the replication

of laboratory scale experiments [49], to large &chie reconstruction for the

purposes of forensic studies [54]. The next logstab therefore is the use of fire
models in a predictive role. Fire models could beduto anticipate the evolution of a
live fire emergency, an innovation that is currgritking explored [76]. Current fire

modelling practices however, in terms of both thedellers and the models
themselves, are not mature enough to be used gtlcdnfidence required for this
process to be effective.

There are two fundamental elements of the modeliragess that leave it, as yet,
unsuitable for this application; the accuracy oé thutput and the time taken to



produce it. The Round Robin study conducted by Reial. [65] demonstrated that,
time constraints aside, current modelling techrsquannot produce the required
level of accuracy. Zone models, although capablgrofducing results at much
higher speeds than the more complex CFD equivatienhot calculate the detailed
physical processes and thus will never be religpleugh for the prediction of the
fire spread and evolution. CFD models which inahgdithe necessary level of
physical detail are far too slow generally takirmgits to model seconds [18].

Further compounding the problem are the numbenpfiti parameters such as fuel
lay-out, material properties, and ventilation, tbatry significant uncertainty, are ill-

defined or rely on values than may or may not hadbin the literature, a flaw that
becomes further accentuated the more detailed théelgets. This becomes a
critical issue when the output of egress, fire atdictural models needs to be
combined together to simulate the full event. Medmie currently not fast, precise,
reliable or robust enough to guide decision malahghis nature in the short time
frame of a fire emergency. While technological asaentific progress could

overcome the issues of speed and precision, giverinherent uncertainty of the
input parameters, it is questionable that the dutptire models could ever be robust
enough for this purpose.

1.1.2 Sensor Capabilities

Fire, in contrast to other emergencies like earikga or floods, is an event that
rapidly unfolds in parallel with the interventioviisually fire fighters have to take in
large amounts of complex, changing information awer very short periods of time,
and form and reform strategies for interventioneldasn what they are seeing. As
mentioned previously elements of the building syst&€an sometimes provide some
low level information to emergency responders algfogenerally these are not the
main purposes of these systems and sensors, waieh been designed principally
for other things.

Away from fire these and other sensors have evotapdlly in the last decade and
new technologies are being used in building heattbnitoring, indoor quality
management and security of infrastructure [69]. Wite development of these
technologies research into increasingly advancethade for the exploitation and
adaptation of these sensors has also progresskd. Miilding systems, some
technologies show clear potential for adaptationaiw fire fighters. A practical
example is that of video cameras which are alrgadgent in many public and
private buildings for the purpose of security monitg. An example of the evolving
exploitation of their use is the tracking of peof®]. In controlled situations it has
been demonstrated that individuals and groups eamnacked through a sequence of
video frames. Bodor et al. [10] highlight the diffities encountered due to varying
lighting conditions. Whilst the authors reportee ttapabilities of their system to
track multiple individuals through a video sequentey reported its sensitivity to
lighting changes such as those caused by sudded ctver. While the variation in
light intensities occurring during a fire would atéy pose a far greater challenge to
such a system, the capability to identify the nurmdoed location of occupants of a
building and their velocities during an evolving engency would be of great



assistance to fire fighters and also be of bemefihe seeding of evacuation models
[36]. Gavrila et al. [38] take the problem of humaacking a stage further by

demonstrating the ability to recognise human gestand actions. By creating a 3D
representation from multiple camera views of a hunma a specific pose, this

representation can be matched against an exiséitadpase to attempt to identify the
action being carried out. Obvious applicationsdioch a capability in a fire scenario
would be the ability to identify people collapsingceasing to move, or individuals

that are injured and thus slowing the evacuatiomefselves and others.

Mittal et al. [53] and Seitz et al. [68] presentedo differing approaches to
reconstructing the background scene from videcalp®t differentiating between the
permanent features in the frame and any temporaoying ones. Given the
sensitivity of CFD models to the positioning of ffue the determination of potential
fire evolution [45], a resource capable of recrgptihe initial positions of a fire
scene would prove an invaluable tool. Thus it carstiown that through the use of
video cameras alone, the amount of information rgaly available to an
emergency response system is extremely far reaching

There are examples in the literature where diffecameras have been used for the
purposes of fire [5][6], but while good punctualsués have been obtained,
generalization has always proved difficult espégigiven the complex nature of fire
scenarios specifically with regards to the lightia@on and attenuation. Sensors can
track the evolution of physical variables such emgeratures, gas concentrations,
light intensity and mechanical stress. These camteepreted and provide relevant
information. Sensors like thermocouples or straiauggs provide punctual
measurements of physical variables that in isalgti@vide data of little value or can
mislead conclusions. Tracking of the evolution biygical variables on its own is
therefore not a useful option to assist interveniio a fire. An increase in sensor
density and complexity however, could provide aatge quantity of useful
information that could serve to greatly assistrvgation, but could also result in
rapid information-overload.

1.2 General Problem Statement

Despite the potential of existing modelling and sseg techniques to provide
information to benefit emergency response, sewdrtle required components have
been developed for different purposes and thus mexer been integrated in a
manner that satisfies the needs of the fire ser8easors have evolved rapidly in the
last decade and new technologies are being empiayeetsent day buildings, some
of which can already provide potentially usefulomhation for aiding emergency
responders. Fire models have become of generaligedn the design of modern
buildings and are becoming increasingly acceptedbbyding control, the fire

service and building managers, although are sétltp find a role in actual fire

fighting activities where operations are still mged on the basis of on the spot
information and intuition. Clearly, sensor data af@® modelling can not be

independently used for emergency response nevestfjeh conjunction they have



the potential to supplement each other to achiegpired speed, precision and
robustness.

The ideal tool to assist emergency response tonmineld provide accurate forecasts
of the evolution of the event. It is envisionedttttas capability could be possible
through some combination of physical models ance lsensor data. These
predictions would be used to produce a series tdnpial outcomes of the evolving
emergency given a multitude of potentially viablgervention strategies. The
outcomes are then optimized and a preferred iméose strategy is defined. The
forecasts would be relayed sufficiently in advaat#he reality, such that emergency
responders can digest the information, make dewgsion, and implement the
strategy in the manner that is most effective. lkemrnore, the forecasts would be
presented in a form that is succinct and apprapf@tthe personnel receiving it, and
also compatible with their specific training and olwiedge, thus making
interpretation and implementation of the outpuétisctive and operable as possible.
Continuous checking of the predictions against astant stream of sensor data
would enable the updating of predictions and tthenges of strategy on the basis of
an unforeseen evolution of the event. The infolomaproduced by such a tool
would need to be punctual, precise, reliable, abdst.

1.3 Lessons Learned from the Dalmarnock Fire Tests

The two compartment tests that form the major pairtdhe Dalmarnock Fire Tests
[1][15] serve to illustrate the current situatiand help establish which aspects of
the global objective of a tool to aid emergencyoese to fire outlined previously,
need most research. These compartment tests wghéy nstrumented with both
tests containing more than 400 sensors each. Téteuinentation density was
designed to provide measurements with time andadpaisolution comparable to
that of field (CFD) models.

Both apartments were the same size and shape,deitiically arranged furniture.

This precise furniture layout was designed to emghat the fire followed a well

defined sequence and thus was as repeatable abl@ossfirst item, a sofa, was

ignited with a strong ignition source provided bywaste paper basket with
accelerant, intended to minimize uncertainty duriggition. The flames were

allowed to propagate over the sofa until ignitidracsecondary item, the bookshelf,
occurred. The ignition of the bookshelf was follalMgy rapid surface flame spread
from bottom to top, leading to flashover. The fivas allowed to continue burning
almost until burnout in Test One and extinguishiéer dlashover in Test Two.

1.3.1 Lessons Learned from Test One

Dalmarnock Fire Test One comprised a typical comnpamt fire scenario,
characterised by a fuel limited growth phase, fhagh, a ventilation limited fully
developed fire, and finally extinguished by theeflirigade close to burnout. Test
One was seen to be an ideal test of fire modetaqgabilities, with studies a priori



[65] and a posteriori [45] demonstrating both thmlity of fire models to blind
predict compartment fire growth and the model patans affecting the simulations
respectively.

1.4.1.1 A Periori

The Round Robin study [65] alluded to previouslgnmnstrated clearly the
capabilities of current modelling techniques to umately blind predict a

compartment fire. Its objective was to comparelined prediction modelling results

of independent teams, to form a sense of the rafgeedicted behaviours, thus
providing incite into the robustness, consistencyl aensitivity of current fire

modelling practice. The organisers provided eadmtewith a distinct set of

information containing details of the compartmeayadut, furniture, ventilation,

photographs, instrumentation etc. Using any modetheir choosing, and any

techniques and assumptions they saw fit, the tedtampted to predict key aspects
of the fire such as smoke layer temperature evaiutand time to flashover and
secondary ignition.

Of the specific components requested from the qpants, some of those
considered of practical use to the emergency resgermare heat release rates, time
to flashover and maximum average smoke layer tesypexs. The predictions for
time to flashover ranged from 77 seconds to 850rsto no flashover at all. The
actual experimental flashover occurred at approteipa325 seconds and as
discussed in the later section on Test Two was shiovwe an exceptionally robust
figure for this setup. Similarly, the scatter asatad to the predicted heat release
rates (Figure 1.1), a characteristic deemed exisenmeportant in defining the
development of fire growth, was again well outditle experimental error.
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Figure 1.1 —The predicted heat release rates of Dalmarnock Fest One from the
a priori Round Robin study [65]. EXP (black dotsidicates the experimental
results, dotted lines indicate zone models, anthpilaes indicate CFD Simulations.

The predicted maximum average smoke layer tempesattanged from 200°C to

1150°C with the actual experimental value 750°Csite the information provided

to reduce uncertainty, the results when collatedrty show a poor level of accuracy
with a very large scatter well outside the rangexgected experimental error. In the
cases where a model produced a good match of dispeciable to the experiment,

it was not necessarily the case for other variabla® that same model. It is clear
that in its current state of practice, blind prégie modelling cannot provide reliable,

robust forecasts that could be trusted to safegaaal benefit inhabitants and
emergency responders during and intervention.

1.4.1.2 A posteriori

Jahn et al. [45] conducted a study following thdnEnock Tests as a compliment
to the blind predictions and in order to estabtlsh sensitivity of a model (FDS v.4)
to different input parameters. The overall con@duosof this a posteriori study was
that even with prior knowledge of all aspects a fle, including the initial setup
and layout, progression pattern, high resolutiamsse data and video footage from
the event itself; reproducing the events througldelimg was a laborious, non-
intuitive, time consuming and repetitive task. Aick stage, the model output was
compared to the sensor data, and the input fileranldiple input parameters were
readjusted accordingly. The basic scenario infolonadf fuel layout, geometry and
ventilation conditions was found not to be suffiti@nd only with direct access to
the measurements was a satisfactory likeness athiev



The authors reported that correct assessmentaméfspread and the time to ignition
of secondary items were crucial to the accurateettag of the pre-flashover phase.
Both of these factors depend heavily on the aceunasessment of flame size and
radiation which in turn, the authors found, is eriely sensitive to the correct
definition of the size and location of area of hesease, and of the material and
thermal properties of the fuel. The findings indécahat while the model was
successful in capturing the overall temperaturdutiam of the room, objects outside
of the hot layer did not experience significantthie@d back from it and thus, the
benefits of this particular strength of the modakwef no use to the prediction of fire
spread, secondary ignition and therefore flashodnile this feedback effect may be
specific to the particular fuel layout of thesetdeand will not be the case in all
compartment scenarios, the authors highlightedfabethat even given the correct
description of heat flux from the sofa to the bdai§ the flame spread model still
was incapable of properly reproducing the heatasserate of the bookshelf. Thus
the authors discerned that CFD modelling was ndteduto the prediction or
reproduction of a pre-flashover fire.

1.3.2 Lessons Learned from Test Two

Dalmarnock Test Two [15] provided two main insightt the potential of a system
as defined in the global objective (Section 1.2)stly, it lends weight to the

conclusions from the a priori and a posteriori &ads it illustrates that the aim of
designing a reproducible experiment was met. Sdgandemonstrates the benefits
and shortcomings of providing raw sensor dataddifate emergency response.

The fuel layout and ignition method of Tests Ond @wo was designed to produce
as reproducible a sequence of events and thustrabusutcome as possible given
the complexity of the scenario and variation intiation conditions. The variation

in ventilation conditions was designed to show iy that an automated system
with control of the ventilation could be used téeaf conditions in the room, while

simultaneously demonstrating the robustness oétiperimental design.
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Figure 1.2 —A comparison of average room temperatures of T@sks and Two.
Test Two was extinguished in the later stagesash@iver by fire fighters while Test
One was left until just prior to burnout.

The success of the design is clearly shown by thraparison of average room
temperatures between the two tests in Figure 1s2alluded to previously, Test Two
demonstrates that the flashover time of these @rpats was very robust to the
varied ventilation conditions within the compartrhefhe flashover events both
began within 25 seconds of each other despite tira @entilation and reduced
smoke layer in Test Two. The times of secondarytimn of the bookshelves were
within 5 to 10 seconds between the two tests. Timgkerstanding the reasons behind
the variations in the blind predictions both betaw#igemselves and the experimental
times becomes even more critical; as does the staheting of the difficulties in the
post experimental modelling.

During each of the tests, sensor data was beiegmid live to a control centre
where camera footage and temperature measuremengsdisplayed on multiple
screens. Doors and windows to the compartment \igezl with mechanisms
allowing remote control of their opening and clasinom the control centre. Upon
activation of smoke alarms, the windows of the cartipent were opened via the
remote control to begin the venting of the smolee Situation was then monitored
via the sensors available to observe the build fufh@ smoke layer. When it was
deemed that smoke was beginning to accumulategfotie compartment doors was
opened to provide extra ventilation for the smakget. This was then repeated for
the final compartment door and for the front danthte apartment itself. The average
room temperature, pre-flashover, in Test Two wasr@pmately 50°C less than in
Test One with a greatly reduced smoke layer, y@s#tondary ignition and resulting



flashover happened at almost exactly the same titiele initially tenability in the
room was maintained and adjacent rooms were kept flom smoke, conditions
rapidly deteriorated and from the point of viewtloé personnel in the control room,
the information became both overwhelming in qugnaéihd misleading. It became
clear that on the spot interpretation, even of iesagvas complex and difficult. This
is clearly demonstrated by the images in Figurewh8re, while both images appear
to be showing very different conditions, both imagee taken at almost identical
times post ignition and just prior to flashover.

F L i — -A.I"
a) b)

Figure 1.3 - Images from a) Test One and b) Test Two show #ie & almost
identical times post ignition and pre-flashoverkda from the same locations with
respect to the experiments. Even though both simenare in the early stages of
flashover, the conditions appear very different whest the information afforded by
the images is taken into account.

1.3.3 Summary of the Dalmarnock Test Findings

The first important issue to address are the ssuwtére modelling uncertainty. Fire

modelling requires many input parameters which @y significant uncertainty or

need values that cannot be found in the literatreorder to successfully match
model simulations to real events, a method to enadiables to which the output is
extremely sensitive to be properly quantified mostdeveloped. From the point of
view of fire forecasting, especially in the growthase, accurate prediction of flame
spread and the order and delay times of subsedqueitibns of other items in the

room will make more accurate prediction of the titmdlashover attainable. Upward
flame spread was identified as one of the critpralcesses that the CFD tool could
not provide adequate results for, even with aleothput variables well resolved.

The second issue to address is that of the usengbss for the benefit of emergency

response. The a priori study confirmed emphatidhi current modelling practices
were not yet mature enough to be used reliablyrahdstly in the aid of emergency

10



response in their current incarnation, where asathpmsteriori study showed that,
given more research into the method of applicatibe,sensor data was essential to
attain convergence of modelling and reality. Thpegiences of Dalmarnock Test
Two showed that raw, unprocessed sensor data deuttbnfusing, misleading and
could rapidly lead to information-overload for tleasying to interpret it. Therefore,
the development of a system such as that propos8eity et al. [7] that condenses,
interprets, and organises output from sensors atmeaningful output for the
specific user is essential if sensor technologies ta be exploited to their full
potential.

1.4 Specific Project Objective

The goal of this work is to demonstrate the potnialue of linking sensor data and
models in order to make rapid and accurate predistof a fire scenario. Due to its
fundamental role in the escalation of compartméesf and the modelling of fire

growth; flame spread is taken as the scenario. Modeflame spread in CFD

generally relies on empirical parameters; someapwrtated directly from small scale
experiments, and typically implies intensive congpiohal loads. It requires the
modelling of physical phenomena encompassing lesgties from as small as
boundary layer thickness to compartment size, afaliations of heat transfer in the
solid and gas phases, flame lengths etc all reguimany input variables and
extensive computations. The a posteriori studieshaf Dalmarnock Fire Tests [45]
have shown that flame spread is a critical phenamgrat CFD tools fail to

accurately predict and essential for the corre@dasting of the pre-flashover fire.

Optimization techniques exist to minimize the ieftice of empirical variables and to
reduce the volume of computations, and as demdedtraith sensors previously,
these techniques have been implemented in othds fispecifically in this case to
chemical reactors and many other industrial prasegE2], but they have rarely been
applied to the study of fire. These optimizatiorchi@ques rely on empirical

measurements that are continuously fed to simgliéalculation models until these
converge to solutions that can extrapolate the \bebma of the physical process.
Torero et al. [73] proposed a method by which flabifity variables associated to
concurrent flame spread could be directly obtaifredh stand-off measurements.
Later, Rein et al. [64] developed the use of Genélgorithms, an optimisation

technique, to establish the necessary parametersnddel the spread of a
smouldering front. In both cases, the direct attsntp obtain parameters from
experiments were successful and resulted in siregldnalytical methodologies.

This project proposes to conduct upward flame sprexperiments over
polymethylmethacrylate (PMMA). These experimentd wary in size, inclination,
and grade of PMMA but should provide sufficieniev@nt data that can be treated
with a similar simple analytical approach, thuslviaé ideal to create and test a
methodology. Direct measurements of relevant plysi@riables pertaining to
upward flame spread will be obtained from theseeerpents and introduced into a
numerical tool. Any unknown parameters, normallyedained via standard test
methods or correlations will be obtained by meahsa gertinent optimization
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technique. Initial simple experiments, assesseddpeatability and bench marked
against the literature, will be used to define pa@ameters, the methodology, and
thus the characteristics of a numerical tool. Sgbert experiments of increasing
complexity will be used for testing and validatiand to evolve and broaden the
applicability of the methodology. It is intendedtta resulting methodology could be
introduced into flame spread models to speed uppatations and at the same time
generate reliability and robustness.
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2 Literature Review

2.1 Flame Spread

This section of the work presents a summary ofrmégion relevant to wall flames,
flame spread and flame spread experiments witlew to finding a simple empirical
model of the process suitable for the desired egptin. A brief review of the
literature consulted and information derived frdnsipresented here. (Except where
specifically stated, general background informatomes from Fernandez-Pello c/o

Cox [17] and Drysdale [24])

2.1.1 The Wall Flame

Figure 2.1 shows a two-dimensional representatioa wall flame. The pyrolysis
length labelledy (or occasionally ¥, represents the length over which pyrolysis of
the wall material is taking place. For the purposgshis work the term pyrolysis
will follow the definition of Drysdale [24] that deribes it as, “chemical
decomposition to produce fuel vapours (‘the vadstl which can escape from the
surface to burn in the flame.”

e
=)
=
‘ ) 8
M -
I o
Co
N
S x5
o w
.Souo‘ } GAS 4
]
| |
. f Iy
|
| ! Pyrolysis Front
NE S
‘ CL
> f /
™ || f I
| ™/ /
| [/
: //

Figure 2.1 — A two-dimensional representation of a wall flameeveh}, is the
pyrolysis length,lis the flame lengthy, lis the heated length,,us the ambient flow
velocity. Diagram reproduced from Fernandez-PeR8]|
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Pyrolysis products of this chemical decompositiesutting from the heating of the
solid fuel at or near the surface are releasedthtoadjacent gas phase (m"). Here
they mix with the oxidizer (usually air) and formflammable mixture which if
ignited burns as a flame releasing combustion ptsdand heat [24]. The term flame
length refers to overall visible length of the flarfrom the tip to the base and is
represented by the notatign(dr occasionally §. The length between the flame tip
and the pyrolysis front labelled (the heated length) represents the non-pyrolysing
region being heated by the flame.

Figure 2.2 —The diagram shows the vertical velocity profileuléag from the gas
phase temperature variation next to a hot solidface. Diagram reproduced from
Drysdale [24].

The ambient velocity vector is shown by and represents the free stream velocity
parallel to the solid surface away from the effeaftshe flame. The velocity profile
produced by the gas temperature variation nextntb r@sulting from a hot solid
surface is shown in Figure 2.2. The profile causgd hot flame next to a vertical
surface is expected to be similar to this.

2.1.2 Flame Spread

Physical descriptions of flame spread are genessdparated in to two categories,
concurrent flow and opposed flow. As the names ssiggoncurrent flow refers to
cases when the direction of spread and the direaifoairflow are the same and
opposed flow refers to cases where they are ompdsdr natural convection wall
flames the flow is driven by buoyancy and thusgida a wall flame correlation
therefore, upward flame spread is characterisedoasurrent flow and downward
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spread as opposed flow. Flame spread can be defisethe progression of the
pyrolysis region over the solid, upward spread dpehe upward progression of the
pyrolysis front and downward spread being the doanawprogression of the base of
the flame or the flame leading edge. For upwansh@apread, the pyrolysis front can
be equated to rate of spread as defined in Tewantsain[70] as: -

dX

— p

ot

Equation 1

Where u is the flame spread ratg, iépresents the pyrolysis length and t represents
time. For the pyrolysis front to progress, the ¢dliel downstream of it must be
heated to a point where it releases combustibleshadontribute to the reaction in
the gas phase. The rate at which this heating adeguent ignition of the
combustion products is accomplished governs tleeafprogression of the pyrolysis
front and thus the flame spread rate. Thereforeh@naepresentation of the flame
spread velocity (Y is simply the length of solid ahead of the pysidyfront being
heated () divided by the time taken to ignite ifgft(Equation 2): -

_n

Vi =—
tig
Equation 2
This defines the upward flame spread rate as d gpiition process. The following

breakdown of the elements concerned with Equaticoriders only upward flame
spread over thermally thick solids.

2.1.3 Flame Spread as a Solid Ignition Process

2.1.3.1 Time to Ignition

Niikoka et al. [56] demonstrated that the totaldajnition delay time (§) is the sum
of two parts. The first is the time taken for tlntics to pyrolyse (f) and the second is
the time taken for the resultant combustibles ardlizer to combine to form a

flammable mixture ). These are referred to as the pyrolysis time #ied gas
induction time respectively. The relationship ipessed as: -

=1 +
tlg tp tg
Equation 3
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For the case of upward flame spread where the fl@aegainst or close to the fuel
surface, the buoyancy produced by the heat fronflémee pulls the oxidizing air
towards the area where the pyrolysate is. The tregulammable mixture is ignited
by the ideally placed flame producing a rapid mtbtignition therefore for this
process, the gas induction time is assumed to ¢legite [17], and the time taken to
heat the solid from its initial temperature to tteenperature at which pyrolysis
occurs and produce sufficient combustibles for anetd flaming is deemed the
ignition delay time for this problem, i.g, £ tg. The time taken for the surface of a
thermally thick fuel to reach the pyrolysis tempera is found by conducting an
energy balance for the surface of the fuel antiasve in Equation 4.

— ﬂ(spscs (Tp - TO ) ’
ig p A an

S

Equation 4

Equation 4 effectively states that the time takermeat the surface to its pyrolysis
temperature is given by the amount of energy reguio heat the surface of the solid
from its initial temperature @) to the pyrolysis temperatureyjJ divided by the rate
at which energy is being supplied (net heat fluxhe surface). This heat flux is
assumed to be constant [71] as are the materipepres.

2.1.3.2 Heat Flux to the Unburned Surface

As demonstrated by Equation 4, the rate at whidht e transferred to the solid
surface governs how quickly it will ignite. FernazdPello [17] writes that heat
transfer from the flame to the unburned solid aheadhe pyrolysis front is the
controlling mechanism of flame spread. This hegtra/zided by the flame itself and
also possibly from external sources. Upward flamead is regarded as being the
most dangerous form of flame spread due to the $pgieds at which it takes place
relative to downward and sideways spread. Thisasiy due to the positioning of
the flame and therefore increased levels of headymtion relative to the unburned
fuel in the direction of spread. Although hot gasescombustion products
downstream of the flame tip do provide some heatintpe solid fuel, the literature
[17] reports that its effect is minor when compatedhe heating provided by the
flame itself, thus, the heated length is assumduhigh at the flame tip.

Thomas [71] states that, “Fire has long been reghes tending to spread upwards
by convection and sideways across fire breaks thatian”, which suggests that the
convective component of the heat flux to the s@fadl be the dominant one in
upward flame spread. Fernandez-Pello [17][26] dessrthe varying influences of
each of the forms of heat transfer between thedlamd solid fuel, with regard to
concurrent flow flame spread both forced and n#ifjuraduced. When the flame is
laminar in character, occurring both when the flasnemall, and when larger, in and
just downstream of the pyrolysis region, heat ti@nt the solid fuel in this region
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Is dominated by convective transfer from the flalw@ay from the pyrolysis region
when the flame is larger and takes on turbulentaderistics, the heat flux to the
surface becomes increasingly controlled by radmrtioelieved to be as much as 80%
[59]. As would be expected, there is a transitiaegion between these two phases
where both forms are equally influential on thefaste heating. These findings are
corroborated by many others including Di Blasi [2hjd Hasemi [41] who stresses
the importance of the understanding spread of tanburadiation driven flames for
the better understanding of fire growth in reak fscenarios. Orloff et al. [59]
provide more quantitative information regardingsthspecifically applied to their
studies with natural convection upward flame spreaer PMMA. They report that
for flames up to approximately 20cm in length, fieat transfer to the unburned fuel
is dominated by convection. As the flame grows bbelythis and becomes turbulent,
radiation gradually takes over. In most physicadeis conduction through the solid
ahead of the pyrolysis front is neglected as treaatieristic length associated to it is
orders of magnitude less than that of the flam@tlenwhich is the characteristic
length associated with convective and radiativadier. The net heat flux to the
unburned fuel surface ahead of the pyrolysis fi@given by Equation 5: -

n n n
q qconv qfr qe - qrs

Equation 5

2.1.3.2.1 Convective Heat Transfer

qconv is the convective heat flux from the flame to séid and can be described by
Equation 6.

COI’]V - hCOnV(T T )
Equation 6

The challenging aspect with regards the definibdrihe convective flux is in the
accurate measurement / optimisation of the comwechieat transfer coefficient

(hconv). hConv is defined in terms of the Nusselt number whichdases of forced
flows parallel to a flat plate, is given by Equatio: -

— l.Lon\)(_gthe‘ Prf

Equation 7
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where the values d vary depending on the characteristics (laminaudsulent) of
the flow. For convective heat flux in natural coaotten flows along a vertical plate,
the Nusselt number is given by Equation 6: -

Nu:'lo;vx =&(GrPrf" =&(R9"
Equation 8

again where the values &ivary with the flow characteristics.

2.1.3.2.2 Radiative Heat Transfer

CI'f'r represents the radiative heat flux to the solimimfrthe flame and can be

approximated by = g€ (Tf4 —TS4).

2.1.3.2.3 Surface Re-radiation

(., represents surface re-radiation and can be appaed by

o, = oe(T," -T.7).

2.1.3.2.4 External Radiation Sources

(. represents external sources of heat flux. In theext of a real fire this would
account for other burning items and heat sourcegein of the surface.

2.1.4 Length Scales and their Relationships

Figure 2.1, as discussed earlier, shows a two-dioeal representation of a wall
flame. There are three specific lengths representesl pyrolysis length (), the
flame length ¢), and the heated length,)(I A fourth length that is sometimes
included is the burnout lengthyXIwhich for upward flame spread represents the
distance moved by the flames leading edge whefutiesource has been exhausted.
Orloff et al. [59] showed that for laminar flow,&hflame height is found to be
directly proportional to the pyrolysis length (E¢oa 9) i.e.

Equation 9
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and for turbulent flow the relationship follows Exdion 10: -

Equation 10

where ¢ and n are constants of the given fire s@dmaThe authors proposed a value
for n of 0.78 and c of 5.35. Other proposals are&shio et al. [66] who proposed a
value of n = 0.66, Delichatsios et al. [20], whomrsed n = 0.8 and Tewarson et al.
[70] who also report n = 0.66. The value could besidered as n=1 for laminar

spread.

2.2 Upward Flame Spread Experiments and Experimental Tehniques

A review of previous works involving upward flameread experiments and the
measurement techniques employed by the authoresemied here. Fernandez-Pello
[26] states that, “Experimentally, difficulties aemcountered in obtaining accurate
measurements of the flame spread rate becausadbesp is unsteady, very rapid,
and because the flame bathes the un-ignited suodfattee fuel.” With this in mind,
knowledge of the advantages and disadvantagesewiopis test methods, setups and
measurement techniques that have been testedaaded will enable the design of
a more robust and reliable test. It is also thention that by mimicking to some
degree a test setup from the literature, the resoéin be benchmarked and
measurement techniques employed can be evaluatgd;e an extra assessment of
reliability and repeatability.

2.2.1 Sample Material, Size, and Mounting

Saito et al. [66] use Polymethylmethacrylate (PMM#&) upward flame spread tests
which showed sustained upward propagation. Thegrtepat a sample height of
250mm corresponds approximately to conditions Fer onset of turbulence. The
authors report that observations of their sampliéh & width of 300mm, showed
flow and flame propagation characteristics concurreiith a two-dimensional
character. This work also reports experiments ondlas Fir Particle Board of the
same dimensions although for this material the amstistate that sustained burning
was not always seen. The criterion for these erpmris was for spread that
developed into turbulent flaming over thermallycthimaterials where the sample
was not fully consumed at the completion of the.tés order to satisfy these
requirements, a sample thickness of 13mm was deeunfédient. The authors flush
mounted the test specimens to an inert wall materiarder to prevent spread to the
sides and rear of the specimen and thus maintalang wall flame.

Tewarson and Ogden [70] use PMMA for flame spreqeeements due to the level
of detailed knowledge available on it in the litera. This same reason is also cited

19



by numerous authors including Consalvi et al. [Bld Fernandez-Pello and
Williams [33]. Tsai et al. [74] used specimens ohensions 70mm wide and 6mm
thick with heights ranging from 200mm to 500mm. TR®MA samples were
mounted against a 2mm thick steel plate with thension of preventing flame
spread to the sides and rear and also keepingetireof the specimen sufficiently
cool to prevent distortion and sagging.

The setup employed by Fernandez-Pello for both wh20] and downward [27]
spread experiments also used PMMA for its propenigen burning. These test
samples were 38mm thick and 200mm high. This tl@skrwas chosen by the author
to ensure the uniform spread of flames and prebankling of the sample during
exposure. This thickness also ensured that theirspes could be considered
thermally thick. This work sought to isolate thedaover which the flame spread
took place by mounting the sample in a steel frafitee author went further by
insulating the samples from the effects of thelsfigene by placing 10mm thick
asbestos strips between the sample and the frameefrdme was extended with two
baffles aimed at preventing the lateral entrainntérdir across the exposed surface
and thus maintaining a two-dimensional spread effeltese baffles were angled to
prevent re-radiation effects.

Rangwala et al. [62] conducted upward flame spteats varying the width of the
samples. The vertically mounted samples were 500mgim 12mm thick, and varied
in width between 25mm and 150mm. Again the sampkre mounted such that the
flames were prevented from spread to faces otlaer ttie intended one. In other tests
on 25mm thick PMMA, the same author [61] placegrtiawcouples on the back of
the sample. The author reports that the thermalewasver fully penetrates the
sample thus the sample can be considered therthaiky

Di Blasi [21] indicates through the author’'s anigt studies of PMMA that a
sample is considered thermal thick when the thiskne greater than 2.5mm. The
sample is considered thermally thick given thapltgsical thickness is greater than
the depth of thermal penetration [17], i.e. that tear of the sample remains at
ambient temperature.

Orloff et al. [59] used samples 45mm thick, 410midevand 1570mm high. This
height was to allow the flame to reach a turbulegime. The authors report the
need to ensure a two dimensional spread to theftdipe slab. They accomplished
this via a similar method to Fernandez-Pello [29]sbipplying steel walls running
the entire height of the slab along both side edfke walls were at right angles to
the fuel surface and water cooled to prevent radiaat transfer to the slab. There
was a marinate wall at the top of the sample ttaisdhe face from the top edge and
the bottom of the sample sat against the floor tturapletely isolating the exposed
face from the other edges.
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2.2.2 Ignition Methods

Saito et al. [66] used a methane (bBurner with a fixed flow rate, positioned at the
centre of the base of the test specimen to prgwidiet ignition of the sample. These
authors experimented with removing and maintaitihegburner after ignition of the
test specimens. Tewarson and Ogden [70] used angdar dish containing a
methanol (10ml) pool fire to create a uniform pysi$ front across the length of the
bottom of the test sample. A similar method wasdulsg Orloff et al. [59] who
provided 3cc of acetone in a narrow tray along libbom edge. Tsai et al. [74]
created a rack to hold the PMMA samples, that cootdte to the horizontal and in
such a position a line fire was initiated. A stpédte was held over the sample
leaving a 3mm strip of PMMA exposed, which was igdiusing a butane-fuelled
torch. The rack was then rotated back to a verpoaition and the protective steel
plate removed in order to start the test. Fernaiido [29] reports the use of an
electrically heated Nichrome wire embedded acrbeddwer surface of the PMMA.
The wire was tensioned and pulled towards the serfay springs to prevent
movement as it underwent thermal expansion. Wherthrent was applied the wire
heated the PMMA producing pyrolysis products tharevignited by a small pilot
flame thus initiating a line fire. Rangwala [61]edsthree different methods of
ignition with the method employed dependant ontipe of fuel. For most solid
fuels a wick soaked in methanol attached to the basl ignited using a match was a
reliable method. A line gas burner was employedwater samples to ensure an
even line fire was created over the entire samptthwThe burner was turned off
when an even flame height of 4cm was created dwersample width. For non-
dripping fuels a resistively heated Nichrome wiod was used. Voltage was applied
using a variable resistance until the sample ignite

2.2.3 Measurement Techniques

Analysis of the literature describing upward flanspread identified several
measurable physical parameters that evolve witle tand are important to the
description of the flame spread process. Thesenpdess must therefore be
measured by an appropriate sensing technique e&r ¢odcapture and subsequently
predict flame spread using a physical model. Ineprtb define an appropriate
technique for each variable, a study of the litmi@has been conducted to assess the
strengths and weaknesses of some existing teclmidgue techniques / sensors
should be relatively versatile and preferably irengive as experiments are expected
to vary in nature and in some cases equipment alamaged.

2.2.3.1 Flame Length Measurement

The simplest method of flame height measurementiigsugh visual estimation

during the experiment itself which was employedTieyvarson and Ogden [70]. The
authors marked lines at 25mm intervals and recorii@es of arrival at each

measurement point using a stopwatch. A similar ogttias employed by Tsai et al.
[74] and Orloff et al. [59].
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Saito et al. [66] also used a method of visualnggtion, inspecting video images
taken throughout the experiments. The authors atdzed other methods for

comparison. The authors report that a flame heajtegn from regularly time-spaced
frames from video footage performed sufficiently @asnpared with averaging of
measurements from every frame obtained. The satheraualso report considering
the use of thermocouples to detect the flame tipuiph defined temperature
increases. This was dismissed due to the inakllitthe technique to distinguish
between the flame and the rising hot combustiorlycts produced by the flame.
This work reported that although the trend produagdhis technique followed that
of others, the measurements were generally laayet,a temperature rise of 40°C
above ambient indicating the flame tip presenceetated best with other methods.

Fernandez-Pello [29] used still photography withirapsed lens aperture and shutter
speed to capture the luminosity of the flame tive@ numerous tips due to the non-
uniform nature of the flame, bounds for the dataengefined by the highest and
lowest of these visible tips upon inspection of iheges. Audouin et al. [5]
developed a method by which video footage is tceatgomatically to produce a
measure of the flame height. The experiment cadist a gas burner simulating a
pool fire, thus producing a constant flame. A caanset to a rate of 1Hz captured
footage of the fire. By examining the intensitydéwf each pixel of each image, the
author was able to determine a presence probabflitpme in each pixel. By setting
a threshold presence probability, each pixel was tle-assessed to determine if it
contained flame or not. The length of flame in Bxeould then be measured and
converted to any desired unit of length. Rangwakl.462] used a similar method to
measure the height and standoff distance of afiaatie.

Consalvi et al. [14] looked at this problem, speeity with the aim of defining
flame height in terms of the wall heat flux, thusating a method convenient for
analytic, numerical and experimental studies. Tu#ha&s found that a correlation
existed between the wall heat flux and the non-dsi@al characteristic length
scale for upward flame spread, and a flame heightdcbe defined via threshold
wall heat fluxes.

2.2.3.2 Pyrolysis Length Measurement

Saito et al. [66] employed a method of “surfacehperature measurement with
thermocouples to track the pyrolysis front and tpusvide a measurement of the
pyrolysis length in time. The authors placed thezouples beads of approximately
0.1mm diameter along the samples vertical centee-fiuch that the beads of the
thermocouples were within 1mm of the exposed sample surface. A temperafure o
320°C was found to correspond to visually obserbedbbles’ in the PMMA and
thus the arrival of the pyrolysis front. The histaf the pyrolysis length (and also
the flame length) for these PMMA experiments wapresentative of the
acceleratory spread. Consalvi et al. [14] used milai method melting
thermocouples to the surface of the PMMA and repgrthat the pyrolysis length
can be obtained accurately from this method. Rafeg\@l] and Fernandez-Pello
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[29] also employed a similar method with the lateporting it difficult to obtain
accurate results in contradiction to Consalvi efla].

Tewarson and Ogden [70] used a similar method @ootie used for flame height
estimation. Line markers at 25mm intervals weredue estimate the pyrolysis
length with times recorded from a stopwatch. Orkdffal. [59] observed the sample
from the rear following the evolution of pyrolysklsubbles at the front surface
through the transparent samples. Tsai et al. gftpl thin slit window in the backing
to the PMMA enabling an observer to observe viguatid record the time at 10mm
intervals. The pyrolysis front was again definedtbg presence of bubbles seen at
the PMMA’s surface.

2.2.3.3 Flow Velocity Measurement
2.2.3.3.1 Point Measurement
2.2.3.3.1.1 Pitot-Static Tube

The Pitot-Static Tube WI[9] (Figure 2.3) is a devibat correlates pressure to air
flow velocity. It consists of a tube filed with aivith a diaphragm at one end. The
other end is open and placed facing the directi@t the airflow is coming from,
thus is a mono-directional technique. As the airsiagnated in the tube, the
deflection of the diaphragm is correlated to thagsation pressure. A further
measurement of static pressure is made by porteeosides of the main tube. The
dynamic pressure which can be correlated to aiw flelocity is simply the
difference between the stagnation pressure andt#tie pressure. The technique is
intrusive as it must be placed in the desired nreasent location, thus could
interfere with the flow. It is also very directidnand thus care must be taken to
ensure it is aligned with the desired measuremianiep

Figure 2.3 - The diagram shows a Pitot-Static Tube used to ureaar flow as the
result of pressure changes. The main central tgsh&sed to measure the stagnation
pressure and the ducts to the side measure thie praissure. This diagram has been
taken from WI[9].
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2.2.3.3.1.2Hot Wire and Pulsed Wire Anemometry

Hot Wire Anemometry is a technique used for poietasurement of air flows WI8].
The technique involves a short length of fine wplaced perpendicular to the desired
flow measurement. A current is passed through tine which causes it to resistively
heat to a temperature above ambient. When flowegasger the wire it is cooled and
the thus changes the resistance / voltage acreswitk. This change in resistance
can be calibrated to the flow velocity of the &owf over the wire. As this technique
relies on temperature changes to compute the wglotithe air, application to fire
and flame spread make this technique potentiallyialme. Fernandez-Pello and
Williams [32] report that the hot wire can respamudesirably to gas temperature
changes and flame radiation and thus is not reiabkhese situations. The authors
recommend the similar technique of Pulsed Wire Aometry. This technique uses
two wires in parallel at a known distance apanpifslly of the order of millimetres),
again placed perpendicular to the flow. The firgteweceives a pulse of electricity
causing it to be heated. The second works similaxlyhe hot wire anemometer
except this time it records an increase in tempezabf the gas flowing past. The
time delay between the second wire detecting tleee@se in heat in the air flow
caused by the first wire and the actual pulse énfittst wire is recorded and a simple
distance over time calculation gives the flow spe@&tie authors still report
difficulties with the technique however especiallilen measuring low velocities as
the buoyancy produced by the heated air can obgberactual required reading.
Lower voltages and thus lower temperatures cansbd to reduce this problem but
this has the adverse effect of producing a verysamal which can make detection
difficult. The authors report an optimised desigm this system which has been
applied to downward flame spread over PMMA. Bothispd wire and hot wire
techniques have the disadvantage of being presetiiei flow and thus potentially
disturbing it. Also the soot content of some flanmeay become a factor in some
locations if there is a build up of soot on theesithemselves.

2.2.3.3.1.3Laser Doppler Velocimetry

Laser Doppler Velocimetry W[7] is a technique usedneasure flow direction and
magnitude in both air and liquids. It comprises tveams of coherent laser light that
cross at the desired point of measurement. Thefenémce of the two beams creates
fringes at a consistent distance which should bgnedl with the flow being
measured. When particles pass through the focat pbthe beams they reflect light
towards a receiver and the product of the frequesfcthe light received and the
known difference between the fringes gives the aiglo A discussion of the
technique’s application to flame spread is givenHeynandez-Pello and Williams
[32]. The authors report that it is possible altifoudifficult to obtain both
components of the 2D velocity profile associatethvilame spread. The technique
should be viewed as appropriate for ambitious ptejenly. The main advantage of
the technique is it is generally unobtrusive to fleav although some particle
introduction methods may cause some disturbances.
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2.2.3.3.2 Plane Measurement
2.2.3.3.2.1Particle Image Velocimetry

Particle Image Velocimetry (PIV) works on the preenof tracking movements of
numerous individual particles between two imagé®rnaat a known time interval
(Figure 2.4). By evaluating the distance moved Ipadicle between two images and
given the known time differencét] between those images a velocity vector can be
calculated that describes the particles movementrtdgking many particles between
the two images, and averaging the movement ofgbestin a defined space, a map
of velocity vectors can be calculated to describe overall movement over the
period of time dt.

Figure 2.4— The images show a PIV Image Pair for an Upwdeihte Spread Test.

There are four main hardware aspects associatbdhdgtcapture of PIV images: -

The insertion of particles into the flow (seeding)

The highlighting of the particles in the flow

The actual capturing of the image (cameras)

The electronic timing devices / computers to cdratoor some of the above

Seeding is the process by which particles are doired into the flow field. This in
itself represents a challenge. The particles megtrbsent in sufficient quantity that
there is an adequate number of them present ibwibeoncurrent images for cross
correlation, the tracking of particles from one geato the next, to take place.
Usually in order to achieve this, the particles trues injected by some means into
the flow. Thus the challenge to be overcome is nsueng the entrainment of
sufficient particles without disturbing the flonefd that is being measured and thus
defeating the point of the exercise. There areouariseeding techniques available
which are usually tailored to the needs and comssraf the specific application.

The highlighting of particles in most cases is aghd through the use of a high
power laser, in many cases a pulsed laser, fittitld avlight sheet optic. The laser
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produces pulsed beams of high energy light thatiaserged into a two-dimensional
light sheet which is aligned with the desired measient plane (Figure 2.5).

Figure 2.5— A laser light sheet highlights the seeding pétaround a wall flame.

A fraction of these pulses of light reflect off tlatificially introduced seeding
particles towards the camera(s). In the case dicgpion to fire, the laser should be
of sufficient power that its light emission is supe to the luminosity of the flame.
The cameras are directed perpendicular to the $bbet in order to take images of
the particles movement through it. The cameras @me®IV are required to be of
sufficient quality that the user can externallgger numerous aspects of the cameras
operation such as shutter speed, exposure timeframe capturing, and depending
on the specific application and measurement remgrgs, that they can achieve a
rapid frame rate and shutter speed. For PIV inptiesence of flames, the exposure
time should be set low enough such that the lunityno$ the flame does not register
on the exposure and create ‘noise’ that inhibiksdioss correlation process.

The final hardware components are the electron@t @mputational components
that trigger the elements of the image acquisiposcess. The precise triggering of
the laser to coincide with the camera exposure mmeisontrolled to a high degree of
accuracy. The downloading and systematic storadgleecimages from the camera(s)
requires varying degrees of data transfer speednasohory capacity. Once the
desired image pairs have been acquired, they ateppacessed to create the desired
vector maps. This is done by an iterative procdssrass correlation, using an
algorithm that tracks the particles between imamges pair, and filtering, the
systematic removal of ‘noise’ by various techniquepending on the data in
question.
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2.2.3.3.2.2Particle-Track Photography

This process is described by Fernandez-Pello atichws [32] and employed by the

same authors [33] in PMMA flame spread experimeiitee process can provide

streamline patterns and velocities in flames. Lightn a projector is passed through
a slit in a rotating disc thus pulsing the light.i3 then passed through a lens
collimating it to illuminate a central slice alortge burning sample. Magnesium
oxide particles are injected into the flow and eneea catches their illumination by

the projector. The distances travelled by the plagi within the pulses can be
measured from the images. The duration of the pudse fixed and were checked in
[33] by an oscilloscope reading. The authors repotéential sources of error in the
system. If the particles are too large their tr@pc can be affected by their own

inertia, as well as the flow being measured beifected by the method of injection.

Heating by the projector also affects the buoyadroyen flow.

2.2.3.4 Heat Flux Measurement

Ingason and Wickstrom [44] report a method by whichdent radiant heat flux can
be measured using a plate thermometer. The auttlessribe the results of
experiments where the output of plate thermometegscompared to that of water
cooled gauges in simple cone calorimeter tests.aliti®ors propose this alternate use
of the plate thermometer with field testing in midde to the non-requirment of
water to cool the gauge which may be awkward tplum some field situations.
The plate thermometer according to ISO 834 and B6B4l is constructed using a
100mm x 100mm square, 0.7mm thick steel plate.ekntimcouple is welded to the
rear centre of the plate and a layer of insulatsoapplied to the back of the plate
sandwiching the thermocouple. The authors repaat this setup can be used
indirectly with corrections for convective and comtlve errors to measure the
incident radiant heat flux. Alternative designse(ttiesign outlined above was not
designed to measure heat flux) could minimise thexsers. The authors suggest
reducing the thickness to improve the response tame increasing insulation to
reduce conductive errors.

Guidelines for producing a plate thermometer foasuging heat fluxes are given in
ASTM E459 - 05. The instrument in this case is mefit to as a thin skin
calorimeter. The standard outlines the advantagesuch a device. It allows for
diversity of the construction methods and materigsorder to tailor the design to
the specific needs of the situation. The guidesliaéso allow for an inexpensive
instrument making them ideal for situations whexposure levels may be high and
the device discarded after use. So long as thecelesn't damaged or distorted by
temperature it can be regarded as reliable. Calonlanethods are similar to those
defined by Ingason and Wickstrom [44] and rely lo@ temperature measurement of
the unexposed face of the metal plate and knowleddgkee properties of the metal
used. A one dimensional heat transfer analysisésl o evaluate the net heat flux
for the device. Other users of this techniquetlmafound in [1][2][3].
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2.3 Polymethylmethacrylate

Much of the knowledge on flame spread (Section Aaf)l the experimental
techniques (Section 2.2) described above has bmexiaped through experiments on
Polymethylmethacrylate (PMMA) with many works cgithe good understanding of
its properties and behaviour as the reason farsis The main property of interest to
this work is the temperature associated to thelpsireaction at the surface. The
surface thermocouple method of pyrolysis frontknag (Section 2.2.3.2) relies on a
temperature threshold to determine when the frastadrrived and also to provide an
assessment of spread rate (Equation 1) and as reacly practitioners of this
technique have defined a Pyrolysis Temperatuggf6f PMMA. Values for |, have
been approximated for experimental purposes asC3[8); 315 +/- 25°C [66], 363°C
[59], 390°C [33]. Fernandez-Pello [17] states tihat pyrolysis temperature is not a
fixed value and in fact varies with oxygen concatibn and ambient pressure.
Dakka et al. [19] showed that, rather than thermgo@ single temperature, the
pyrolysis process actually occurred over a rangpe. Study looked at piloted ignition
of PMMA and showed that prior to ignition there wagnificant gasification due to
pyrolysis. The study demonstrated that the proadspyrolysis is a two phase
reaction and is limited by mass transport. The fifshe two phases of the reaction
is limited by Q diffusion into the surface and an increase ncéncentration saw
the onset of the reaction shift to lower temperduihus the concept of a pyrolysis
temperature could be said to be false and rathgyralysis temperature range be
defined. The range would also appear to be scespgoific, dependant on ambient
conditions which would explain the ambiguity in thedues reported in the literature.

2.4 Optimisation Techniques

This work envisages the use of some sort of opé#tius technique to account for
unknown parameters and trend identification in diaéh cannot be provided directly
by sensors. Previous work ([63] [48]) has shown tleenendous adaptability and
propensity for a consistently good solution prodidey Genetic Algorithms. The use
of these techniques in engineering has becomeasicrgly common in recent times.
The concepts behind and potential advantages abfusese and other Evolutionary
Algorithms will be reviewed along with other potetily viable techniques.

2.4.1 Curve Fitting

Curve fitting or Regression Analysis is the procek§itting a line through a set of
data points W[6]. The shape of the curve beingditts usually described by an
equation relating independent and dependent vasabking a combination of
adjustable parameters and mathematical operatasstHe parameters that must be
optimised to create the best fit of the data whéchssessed by some criteria such as
the least squares method. The minimum number @& paints needed for a fit is
dependent on the desired shape of the curve anadutihber of unknown adjustable
parameters. These data points to which the curvyigtesl act as constraints in the
fitting process. The advantages that this technglldoring when compared to other
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techniques such as Evolutionary Algorithms will bpeed of computation. A
description of a fit type in advance specific testhpplication will be necessary in
order that the process be automated accordingtbiteGrid ethos.

2.4.2 Genetic Algorithms

Genetic Algorithms (GAs) are an optimisation tookpired by natural genetic
variation and Darwinian Theory of natural selectj6g@] W[5]. GAs are a system of

creating a better set of candidate solutions t@oblem from a previous set using
processes inspired by biological genetics. All edatks fall within a search space
(which may or may not be predefined) which represdhe area in which all

possible solutions can exist and is characterisea liitness landscape where the
highest point is the closest to perfection thablateon within the search space can
be.

Genetic Algorithms use data strings called chrommesas an array to store the bits
of information with each bit value known as a gdaach of the genes represents an
unknown in the problem and they can have a prewd@ted range in which the GA
will allow their values to lie. The first stage thfe process is to produce a random
population of chromosomes with the values of tldvidual genes being somewhere
between defined boundaries. The number of indivgdaeeated is problem specific
and can span to tens or thousands of candidatBswult is expected that there are
enough solutions to have a comprehensive coveriathe @ntire fithess landscape at
the start. This ensures that the global optimaltsm is not missed with results
instead representing a lesser or local optimumhEEaember of the newly created
population is given a fitness rating. This ratimjlects how well the chromosome,
with its individual gene values, satisfies the @llerproblem. The fitness is
determined by a fitness function which is entirgloblem specific. The correct
definition of this fitness function is key to thecsess of the GA. Candidates go
through anyone of a number of selection methodstledikelihood of them being
selected is based in some way on their fithnessgalihe higher a candidate’s fitness,
the more likely they are to be selected for creptime next generation. Successful
candidates are then ‘bred’ in pairs using a useci§pd genetic operator to produce
two new offspring.

The genetic operator mimics the natural processclmomosomal crossover,
exchanging various genes between the two candida¢ésy bred. When the
offspring are produced, there is some probabiligt bne or more of their genes may
be mutated. The probability of mutation occurringldo what extent it occurs are
determined by the user and to some extent govebyethe problem at hand.
Crossover and mutation serve not only to move treliclate solutions toward the
highest point of the fitness landscape, but alsongintain genetic diversity. This
helps prevent premature convergence on a locahapti By weighting the selection
for breeding in favour of the fitter solutions inet population, it is hoped that the
average fitness of each successive generationglsehithan that of the previous.
Once a new generation is produced, the fithessh®fmew candidates are assessed
and the whole process begins again with selecfibis process is looped as many
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times as the user decides is necessary by whi@stiis hoped, the candidates have
homed in on the global optimum.

The principle advantage of this technique is isistance to becoming trapped in
local optima coupled with an efficient exploratioh the parameter space. It also
represents a highly adaptive and versatile metHodptimization mimicking the
process on which it is styled. The major disadvgedeof the technique are that it is
not efficient for small numbers of parameters aray mot represent the fastest most
efficient method. It is also classified as an h&iwrimethod meaning while it will
generally produce a good solution (providing a gdefinition of the fithess function
Is given) it may not be the absolute optimum.

Others have previously applied GAs to engineeringblems [25] [60] and
specifically to fire engineering problems [63] [48ith success. Applications involve
adaptation of the GA to the specific problem byyirag the method of selection,
crossover, probability of mutation and some casg<reating a hybrid through
combination with other optimisation techniques. &ample of this could be a hill
climbing (gradient based) optimisation that attegrtptimprove the candidates of the
new population produced at each stage by the GA.th® purposes of this work
where optimisation is likely to be performed repedy, an adaptation where the
process is enhanced by previous solutions is egetsaSteady State GAs use a
specific variation on selection which does not picla majority of completely new
individuals at each generation of the cycle. Therfar greater generational overlap
with only the weakest individuals being replaced frpducts of the fittest via
crossover etc. This makes them ideal for evolviggtesns where an element of
learning and retention of what has already beeméehis desired [52]. In each new
optimisation it is possible that the initial poputa is seeded by the fittest candidates
from the previous solution thus further enhancimng rtetentive nature of this hybrid
system. For a system such as that proposed byvtitis where the variables being
optimised are expected to converge at each stage wiore sensor information is
available, retention of solutions between iterati@ould reduce the computational
demands as the process progresses.

2.4.3 Ant Colony Optimisation (ACO)

The concept behind this method of optimisationasdal on the observed behaviour
of ant colonies and their methods of guiding otb@lony members to sources of
food via an optimal route W[4] [22]. The algorithtnawn from these observations
draws many direct parallels to this behaviour repnéing ants by autonomous agents
that have certain limited tools such as the abibtgommunicate information locally.
Ants initially set out wandering at random. If thi@yd a food source they will return
to the nest laying down a trail of pheromones ay tho. If another ant searching for
food comes across this trail it will be more likety follow the trail than continue
wondering at random. If it then finds food it wiktturn along the trails reinforcing
the levels of pheromones making it more likely thabsequent ants will follow. The
more a tralil is travelled, the denser the pheromewnels become, and the more ants
follow it. The process thus has the advantage ithatll find acceptable solutions
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from the early stages of application which will irape in time through positive
feedback.

An important characteristic of this process is ttied pheromones evaporate over
time and if no ants find the trail or discover fobg following it, the trail will
eventually disappear. This process encouragesmtiled of the shortest (or optimal)
path as an ant travelling a longer path will taegler to return hence allowing time
for the pheromone trail to evaporate. If the traikhort the ant will return quickly
and reinforce the still present pheromones of prteviants thus making the path
more attractive to others. Evaporation of pheromdrals helps to avoid
convergence on local good solutions as otherwide would tend to continue to
follow the first trails laid and thus always terml the same location / local optima
even after the food source had been consumedsbtbgon is no longer a good one.

Another important characteristic of the pheromoral is that the information it
provides is only known locally. This also helpsewnsure that the search space is
explored more holistically as not all agents arengdiately influenced by the first
solutions found. Only an ant that comes acrosseagomone trail will know of its
existence and be able to make the choice as tohethét follow it. Other colony
members / agents that don’t encounter the trallamihtinue to search randomly until
they find a new source of food or a different trgdotentially better solution. Thus
while one ant / agent will find a solution, by worly together, a number of agents
will find a good or better solution by stimulatifmpth themselves and each other
based on success and searching a wider area lh spawe more effectively.

This method of optimisation lends itself to probkemhere an optimal path must be
found but where the optimal path may change duhegorocess. Thus the technique
is potentially well suited to real time applicat®omvolving fire where the variable
nature of fire means that the optimal solution docthange as the fire grows and
spreads. This particular advantage is explorecaetsop the FireGrid project (Section
2.5) by French et al. [36] where a conceptualesystor routing building occupants
in an evacuation using real time planning is preplog he best evacuation route(s) is
optimised given constraints such as current bugldtonditions, predicted fire and
smoke spread, occupant locations and pathway degsaeitc. Occupants are then
directed on the bases of this, by some means, tiswaar exit. As the fire spreads or
the prediction of the fire spread changes, the mpsial route(s) may change with
it. It is proposed that an optimisation techniquéchs as ACO could adapt
successfully in real time based on evolving infaiorato safely and efficiently
evacuate occupants from a building by reactingctaa fire conditions rather than
the occupants simply following a pre-proposed stpat
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2.5 Similar Projects and Works

Numerous projects exist that envisage the need fmradigm shift in the way fires
are fought citing the use of computational modelganjunction with optimisation
techniques to provide rapid, robust predictionsygidive sensor data to steer the
computations. Thus the need for accurate supertiraal predictions of fires and
structural response will be an essential elemetitdsuccess of such projects.

The FireGrid project (discussed in Section 1.1)akhs the umbrella project under
which this work falls brings together many areasesfearch expertise such as High
Performance Computing (HPC), Distributed Grid Syste Sensing and Digital
Communications, Artificial Intelligence (Al), andre and Structural Engineering.
The projects main goal is the paradigm shift dégctiabove and aims to meet this
goal through a system where rapid, robust predistiof fires and structural
response, inform real time planning of evacuatind amergency response, steered
by live sensor data from the emergency itself andreccomputed database of
scenarios. From the point of view of fire and stuwal engineering, the main
challenges to the realisation of this goal are dbdity to accurately predict the
evolution of the fire and structural response ustognputational models such as
Computational Fluid Dynamics (CFD) and Finite Elemd@nalysis (FE), and the
ability to predict these responses rapidly enoughive sufficient lead time to the
planning of the evacuation and response. More Idetai the FireGrid project, the
research stemming from it and future work can heméboin [7] [16] [45] [75].

Neviackas et al. [55] have proposed a study whéstgagobjective is the paradigm
shift mentioned above where sensor data, spedyficadaging from regular and
thermal cameras of external spill plumes, combimath zone modelling and
optimisation techniques are combined to providermftion about the fire inside.
Initially the project will focus on developing anvierse Fire Modelling Algorithm
using a zone model and genetic algorithm. The imjefining the initial population
of the GA will comprise output from a database ohe models which will be
optimised to provide the closest match between ma@elictions and sensor data. A
concept for Intelligent Evacuation, Rescue, andoRery (IERR) to aid personnel
responsible for making decisions in emergencie$ g fires and attacks in and
against buildings has been proposed by Miller-Haoatkal. [51]. The authors propose
that by integrating blast damage assessment agel taulnerability assessment with
online optimisation assisted evacuation softwamsl rtime assistance can be
provided to emergency responders to enhance tbemation available to them.
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3 Flame Spread Model

The ideal model for this application should enc#gtsuthe physics of upward flame
spread primarily so that sensor measured physicahtgies can be used to steer it
and then subsequently validate predictions made ft@iven additional sensor data.
The model should be simple and practical enougheki@nsive computation is not
needed thereby overcoming one of the major problessociated with CFD
modelling. It is desired that as many as possiblthe® parameters contained in the
model be physically measurable, to keep the levebptimisation and therefore
computational demands to a minimum thus enabliegréipid and robust prediction
of upward flame spread. By correctly capturing pigsical aspects of the spread
process, the parameters established within the ihwadteaid in the calculation of
heat transfer to other objects and prediction obsdary ignition if extrapolated to a
more complex scenario.

3.1 Theoretical Model

The model chosen to test the hypothesis is basdtieodescription of flame spread
as a solid ignition process. The basic model desgyithis is given in Equation 2: -

_n

Vi =—
tig
Equation 2
V; represents the spread rataslthe heated length being ignited agdstthe time to
ignite .. The heated length as described earlier (Sectib)2can be defined in
terms of the flame lengths(land the pyrolysis lengthyfl which are related using

either Equation 9 or Equation 10, the former beardgrivation of the later with n =
1.

Equation 9

Equation 10
Fernandez-Pello [17] states that, due to the natitiee wall flame which is close to

the surface, specifically the surface ahead ofpyrelysis front in the direction of
flame spread, the heated length can be approxihiateghe flame length (I~ k).
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Combined with the expression fog given in Equation 4, the spread rate can be
expressed as: -

. CYRF
f d.(spscs (Tp - TO)2

Equation 11

Equation 11 now defines the spread rate as fundiighysical parameters, some of
which are fairly well defined such as material mdjes, and others such as
temperatures, heat fluxes, and lengths which atengially measurable parameters.
Breaking down the term for net heat flux to thefate into constituent parts as per
Equation 5, Equation 11 becomes: -

4[q<,:'onv + q,;r + qg - q;,s]zl f
ikspscs (Tp - TO)2

V, =

Equation 12

By introducing the expression for convective fluxen by Equation 6, Equation 12
becomes: -

— 4[ hconv(TfI _TO) + q';r + q:e' - q;’s]zl f
f stpscs (Tp - TO) ’

Equation 13
Equation 13 is of the form expressed by Fernand#io-R17] for laminar flame
spread shown by Equation 14 where the convectia transfer coefficient is

represented by physical parameters and the flangtHeeplaced by the expression
given in Equation 9.

_ Ac,[(akypyCu. 11,)" (T; =T,) + dfy + & ~ Gl
| 7K PC,(T, = Ty)°

Equation 14
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The expression for the convective heat transfefficant is derived from Equation
7 which is the generic expression of the Nussetilver for laminar flow parallel to a
flat plate.

. _ 086Re"Prik _

conv
X

u, ;
(Clkgpgcp I_)}/
p

The derivation of this relationship is given in Agmglix 1. The type of model given
by Equation 14 taken from the work by FernandezePédl7] is referred to by the
author in the same work as theoretical models, ¢twhinclude the dominant
controlling mechanisms, but that are simplified wgto to provide explicit formulae
that can be used in practical applications andallverodels of an actual fire with
reasonable accuracy”, thus identifying the modditasg the criteria of this work.

3.2 Classification of the Model Parameters
3.2.1 Material and Gas Properties

The material and gas properties in Equation 14 assumed to be constant
throughout the experiments. Typical values arerglvelow.

Thermal Conductivity of Air (§) = 0.026 W/m.k
Density of Air(pg) = 1.1 kg/m
Specific Heat Capacity of Air gg= 1040 J/kg.K

Thermal Conductivity of PMMA (8§ = 0.19 W/m.k
Density of PMMA(ps) = 1190 kg/n
Specific Heat Capacity of PMMA {c= 1420 J/kg.K

(Values taken from Drysdale [24])

3.2.2 Scenario Specific Constants

There are various temperatures defined in the mddhelse values are assumed to be
constant but are scenario specific, and thus neebet defined through direct
measurement during the tests. fepresents the temperature of the flamg, T
represents the pyrolysis temperature of the matenar which the flame is
spreading and ¢lrepresents the initial temperature of the matefiak constant;c
(Equation 15) forms part of the convective heatdfer coefficient. Elements of this
constant such as the momentum diffusivity are diffito define or measure and are
thus grouped into this parameter which can be apéichas part of the system being
proposed in this work.
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4
c, =—vaPr
9
Equation 15

This particular expression is valid only for lamiilaw and the derivation that leads
to it is shown in Appendix 1. A system that makes of optimisation such as the
one proposed benefits from a generic term likasthe flame spread expression in
Equation 14 is thus more generic and not relianindividual expressions for each
variant of the convective heat transfer coefficidiite constant.as defined in terms
of the flame and pyrolysis length by Equation 9 leoninar flames and Equation 10
for turbulent flames. Likej¢this value can be optimised from measurements.

3.2.3 Time Variant Measurable Quantities

Quantities such as length scales, velocities, aat Huxes need to be measured
throughout the experiments to determine how thegy va time. Sensing and

measurement techniques have been adapted fronitetaure (Section 2.2.3) and
are described in Section 4.2.

3.3 Model Assumptions

There are numerous assumptions embedded withimtitel described by Equation
14 outlined in the literature [17], some of whiate @utlined here. Heat transfer by
conduction through the solid is considered to be-dimensional and directed into
the solid surface and not parallel too it. This nseassentially that conduction ahead
of the pyrolysis front in the direction of spreaaincbe neglected and hence is not
included in the model. This assumption is justifiesl the contribution made by
conduction is orders of magnitude less than theesponding convective and
radiative contributions depending on the conditiohshe flame. The contributions
from convection and radiation to the heating offiled ahead of the pyrolysis region
occur only in the region between the pyrolysis frand the flame tip. Heating from
combustion products above of the flame tip is ndgkt as it is of minor influence
when compared to the heat provided in the flam@nedieat flux to the unburned
surface in the heating region covered by the flaressumed to be constant over the
entire heated length. The heated length is appm@beiy equal to the flame length.

Due to the position of the flame in the wall configtion covering the solid surface,
combustibles are ignited rapidly by the flame wh@nduced. Given this strong
piloted ignition, the time to pyrolyse the fuel sgynificantly greater than the time
associated with igniting the combustibles once tleaye the fuel surface. Thus this
later time can be neglected and the ignition tism@ssumed to be approximately
equal to the heating or pyrolysis time (Equation 4)
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The model as defined in Equation 14 assumes a noty daminar flame with
negligible radiation. For this regime the flame gydolysis length are assumed to be
linearly proportional according to Equation 9. Irder to account for a turbulent
regime, the relationship should be adjusted toowlla power law correlation as
defined in Equation 10. Material and gas properéies assumed not to vary with
temperature. Materials are also considered nordolgarThe pyrolysis temperature
is defined as a single constant value as is tinegflemperature.
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4 Flame Spread Experiments

Having established a physical model of upward flapeead from the literature, an
experiment to reproduce conditions that the physmadel describes and from
which to collect sensor data to feed the model dessgned. The sensing equipment
was also developed with the intension of directigviing as many of the model
parameters as possible. The setup was based cstadntished experiment from the
literature in order to assess the reliability of tiesults without excessive repetition
and also establish the robustness of the measutemEmiques. Based on these
experiments a methodology can then be developdihkothe sensor data to the
model in a form that produces rapid, accurate ptiedis of the flame spread in
conjunction with optimisation techniques. Aspecftstloe experiments will then
change, further complicating the spread scenaraefme the limitations of the new
methodology.

4.1 Experiment Design

The model taken from the literature shown in Eduatil4 describes laminar
concurrent flow flame spread over a thermally trsckid surface. The experiments
described in Fernandez-Pello [29], of upward lamiftame spread, are deemed
compatible with the model. The experiments, descrilm parts in Section 2.2, use
PMMA slabs 200mm high and 38mm thick. Literaturggests that flames will
remain laminar in character in the region of thel fand that the fuel source can be
considered thermally thick. Although the bench maxperiments report spread
under various levels of external radiation, datgiien for spread rates, pyrolysis
lengths and flame lengths without external soufeleat flux which will be the
conditions for the initial experiments performedfis work. The initial experiments
consist of the simplest scenario to be tested deroto adhere best to the analytical
model. Upward flame spread will take place on weattisheets of PMMA 200mm
high under closely matched conditions to thosenefienchmark experiment. These
experiments will be used to construct the methagipland assess the sensing
techniqgues developed. The methodology will then dmplied to results of
experiments that differ slightly to these initiahes. The baffles used in [29] to
maintain a two dimensional flow will be removede tthickness of the PMMA and
the quality/grade of the PMMA will all be varied @ssess the robustness of the
methodology and the sensitivity of the experimemtthese changes. Later the
scenario will be complicated further to include coment flame spread over tilted
PMMA sheets, upward flame spread over longer varsbeets to allow transition to
turbulent flame spread, and a large scale sampiergning secondary ignition
during a compartment fire.

4.1.1 Benchmark 200mm Experiment

Two steel plates as depicted in Figure 4.1 formedame in which to hold the
PMMA. The design for these plates was based omlé¢iseription and diagram from
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the benchmark experiment. The plates were moumedllead screw driven slid®
that they could be moved together to clamp the PM&afple firmly. In order to
insulate the PMMA from the steel supports, 10mnekHire board insulation was
sandwiched between the plates and PMMA. Bafflexwiiormed part of the steel
framing were designed to maintain a two dimensidlioal field and tilted away from
the fuel surface to prevent re-radiation back toThe final exposed surface was
200mm high and 100mm wide. Fireboard identicalhtat between the PMMA and
plates was placed above and below the surfacelastutb it in order to create a wall
effect. The chosen ignition method was a Nichronme winning across the surface
at the base of the fuel sample. The wire was heptied to the experiment and
pressed into the PMMA to maintain a smooth walkeff When the sample was
placed in the frame, the wire passed through teel glates and was tensioned by
springs on both sides in order to maintain its fi@siafter expansion during heating.

Figure 4.1- A replication of the PMMA sample holder used in é&xperiments by
Fernandez-Pello [29] based on descriptions in thoeky

The frame was fixed, via the slide, to a versatlleminium extrusion frame (Figure

4.2) which enabled the experiment to be moved witthe overall setup to

accommodate the future changes to the scenaricexthgsion frame system enabled
easy, rapid fixing and positional adjustment ofdadlthe sensing equipment relative
to the experiment. The entire frame was housedsmake box, 2.5m x 2.5m x 2.5m
high, in order to maintain, as closely as possiiolentical environmental conditions
throughout all experiments.

39



Figure 4.2 —The diagram shows the housing of the sample hdidene in the
aluminium extrusion frame.

The experiments were initiated by a piloted igmti€urrent was passed through the
Nichrome wire which heated resistively. Upon thgible observation of combustible
gases leaving the sample around the wire, the mumwas stopped and a butane
fuelled blow torch was used to pilot ignite the gmalong the length of the wire. If
ignition did not occur within a few seconds, theqass was repeated. Upon ignition,
the door to the smoke box housing the experimestcha@sed.

4.1.2 Regular 200mm Experiment

The main difference in this first evolution of thetial experimental setup was the
removal of the baffles that were used in the berasknexperiment to ensure a 2D
flow field at the exposed face. The thickness andlity of the PMMA sample was

also varied. Samples identical to the benchmarkpkssnwere used for comparison,
whilst 25mm thick samples of identical and lowerlijty PMMA were also used.

The sample itself was housed as shown in Figureadd. Figure 4.2 minus the
baffles.
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4.1.3 Tilted 200mm Experiment

The setup of the PMMA sample in the steel framdnwhe exposed face isolated was
again identical to the benchmark experiments anaitis the regular 200mm long
samples, the baffles were removed. The PMMA samitiemselves were either
40mm or 25mm in thickness, with the 25mm thick s panging in quality. 40mm
samples consisted only of the higher quality PMMAed in the benchmark
experiments. All samples were 200mm high. The majmange in this subset of
experiments was the angle of the exposed surfadehwhas set at 30° to the
horizontal as shown in Figure 4.3.

Figure 4.3 —The image shows the setup of the tilted samplesanaple holder
within the extrusion frame. All other aspects oé thousing of the sample are
identical to the regular 200mm experiments.

4.1.4 500mm Experiment

In order to achieve a more turbulent flame the tlengf the PMMA sample was

increased to 500mm. It was placed into the samel stamping plates with the

baffles removed as used in the regular and tiltedn#m length tests. Due to the
increase in sample size, the fire board placedhflugh the exposed surface at the
top and bottom of the sample was reduced to 50mieniggth preserving the isolation

of the exposed face and maintaining a smooth wédice above and below the

sample. Two grades of PMMA were used for thesa tésith 25mm thick. As before

there was a higher quality grade, as used forrtii@li40mm thick experiments, and
a lower quality grade.
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4.1.5 1000mm Sample in a Compartment Fire

This one off compartment fire experiment compriseBMMA slab, 1000mm high,
30mm wide and 25mm thick, which was placed on th# of the main experimental
compartment of Dalmarnock Fire Test One, with taeebone meter above the floor
(Figure 4.4). The PMMA was mounted on a larger @ie€ gypsum plasterboard
using Furnace Cement and then mounted on the wiallj iour screws. The rear face
was protected although spread to the outer edges@tgprevented.

The sensor wires protruded from the rear of thepéamand passed through the
plaster board. For this reason the rear had tortegied from any heat damage so
spray on insulation was used to prevent the fiemfrspreading behind the
plasterboard. The wires ran down the wall fromglesterboard and were run under
the carpet to the data loggers in order to prewegosure to the severe fire
conditions. The wires themselves were individuatiyulated against the heat and
were bunched together and wrapped in rock woollatism and aluminium foil
between the experiment and floor level.

Dalmarnock Fire Test One (discussed in SectioncoB%isted of a compartment fire
in an apartment in Dalmarnock, Glasgow, UK. Thel fwas provided by regular
living room / office furniture. The furniture in ¢hvicinity of the experiment can be
seen in Figure 4.5. Full details of the experimaet available in Abecassis Empis et
al. [1].

Figure 4.4 — The image shows the sample mounted in the compartfire
experiment of Dalmarnock Fire Test One.
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Figure 4.5 —The photo shows some of the furniture and sensingment in the
direct vicinity of the PMMA sub experiment.

4.2 Measurement Techniques

Based on the review of existing measurement teclesigqnd the parameters required
to satisfy the model, various sensing techniques aeopted and adapted to meet
the requirements of this work.

4.2.1 Pyrolysis Length Measurement

The flame spread model in Equation 14 requires asomement of the length of the
pyrolysis region as an input to the spread-rateutadion. The evolution of the front
of pyrolysis bubbles corresponding to the spreadimogt and thus the pyrolysis
length can be visually observed through the tramspe?MMA. Under the ethos of
FireGrid however it was desired that the processawking this front be automated
using sensors. For this reason it was decided #hanethod involving the
measurement of sub-surface temperature to tracktwing front be used, following
loosely the method used by Consalvi et al. [13]in® of holes at 10mm spacing
were drilled along the centre lines of the tescgpens, from the rear side to within
two millimetres of the front surface where the fearspread was to take place.
Thermocouples were inserted into these holes atwres tightly using metal wires
such that the thermocouple beads were pressediytaguinst the ends of the holes.
This set up is shown in Figure 4.6.
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Figure 4.6 — The image shows a test specimen seen from thedtgarg a flame
spread experiment. The 10mm spaced sub-surfacediceuples can be seen along
the vertical centreline of the PMMA slab while thent of bubbles corresponding to
the early stages of pyrolysis can also be distisiged, highlighted by the flame.

The choice of this method introduced the need ttabésh the temperature
corresponding to the arrival of the pyrolysis fromthen measured by the
thermocouples at the ends of the drilled holes.kBaét al. [19] showed that the
pyrolysis temperature is not one fixed value asrdaetion rate of the solid differs
significantly when conditions are changed. Alscagpears that the formation of
pyrolysis products below the surface of the PMMAWs in a two-step reaction

where oxygen availability on the surface plays mpartant role. All these effects

mean that the pyrolysis reaction of PMMA occursrozegange of temperatures of
approximately 200 to 350°C. An estimate of the ation of the sub-surface

temperature with respect to the proven surface ¢eatpre range is not easy to
establish and thus a simple approach is followedldtermine the temperature
indicated by the embedded thermocouples that shbesest correspondence to
pyrolysis at the surface. This temperature wasuatatl using a combination of
video footage and temperature data. The experinvegns filmed through the rear of

the PMMA samples so that the pyrolysis front movet®uld be visually observed

(Figure 4.6) and pyrolysis length vs. time relasioips recorded and plotted from
these observations. The evolution of a range ofp&atures recorded at the sub-
surface thermocouples was also plotted and the alvisabservations were

superimposed over the isotherms (Figure 4.7). Meglap of these data enabled the
matching of a specific range of isotherm tempeestuwith the spread rate

corresponding to the camera observations.
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Figure 4.7 — The plot shows the comparison of isotherm evoluptmited with
observations from video footage from a flame speqzbriment.

The results of three benchmark style experimentg \aaalysed in this way and the
results repeatedly showed that the visually takdlatata fell into a range of 80°C to
100°C. The temperature range defined by Dakka. §19] reported above represents
the surface of the fuel whereas the sensing methgaloyed here gives readings at a
depth below the surface, thus the measurementsapgrear lower due to thermal
lag. It can be seen in Figure 4.7 that the gradieftthe lines associated with the
isotherms within this temperature range are sinsitathe implications of the choice
of a specific isotherm temperature to representpyrelysis front would not have
significant impact when extrapolated to a flameeagrrate. It is believed that the
visual observations corresponded to the initigjesteof the overall pyrolysis reaction
and thus the lower end of the range of temperaiues which this process occurs.
The results appeared to correlate best with a meamunt of 80°C so this value was
initially chosen as the best representation ofatiniwal of the pyrolysis front.

4.2.2 Flame Length Measurement

To provide a measurement of flame height, a methasl devised similar to that of

Audouin et al. [5], Conslavi et al. [13] and Fuen{87] to extract accurate length
scale measurements from video footage of the sprgdthme. The process was

required to eliminate background noise on the imagel measure the height of the
flame whilst overcoming the effects of the flickegiof the flame.
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4.2.2.1 Measurement Method

The flame spread process was filmed from beginmingnd with simple webcam
style Charge Coupled Device (CCD) cameras. Thesxgs are broken down into a
grid of pixels, each of which is represented bygatlsensitive capacitor, that when
exposed to light stores charge. For a black andewhage, the amount of charge
stored equates to a degree of whiteness. For arcohage, each pixel is represented
by four such capacitors with band-pass filters, e one blue and two green. The
combination of the amount of light received, ofleat these three colours, relates to
the actual colour that the pixel should be. Indindframes were taken from the
video chronologically and converted from coloureairies to grey-scale (black and
white) images. The data representing a colourechdrés stored in the form of a
three-dimensional matrix, equating to the two-disienal size of the image in
pixels, and three values deep representing the minadured, green and blue light
describing the colour in the pixel. The conversiongrey-scale leaves a two-
dimensional matrix with each value lying betwee(black) and 255 (white) which
describes a grey version of the colour image (lEgu8).

a) b)

Figure 4.8—a) a colour image and b) the corresponding greytsaaage.

In order to measure the length of the flame inithage the background noise must
first be removed. This is accomplished by binagsiine image i.e. setting the pixel
values to either zero (black) or one (white), abun threshold set somewhere
between 0 and 255 (Figure 4.9). This takes advant@ghe naturally high level of
luminosity of the flame compared to its surroungdindhe background objects
should be less bright and thus by setting the timidssufficiently high will leave
only the bright flame in the image. The threshadel should also be set suitably
low so as to minimise the losses of the less luomsnedges of the flame in this
process. For these reasons, a threshold sensitiwdyysis was conducted and is
presented in Figure 4.11.
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a) b)

Figure 4.9 — Theimages demonstrate the changes resulting from dmyersion
from a) the grey-scale image to b) the binarisedgm

Once this process has taken place for all of tregems in a given second, the binary
images can be averaged to give a flame presenbalphty value between 0 and 1

for each pixel during that discreet period of tirdethreshold value must then be
chosen, again influenced by a sensitivity studgt #ither side of which the flame is

considered to have been present or not preserdcim gixel over the measurement
time. The image is then binarised a second timagushis presence probability

threshold.

Figure 4.10— The presence probabilities for each pixel determhiftiemn every frame
from a period of one second.
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Once presence is established, a simple search aasumr@ment of the extremities of
the flame can be performed and given a known distgrer pixel ratio for the
images, a physical length can be established &t @iacreet time period. This entire
process took place after the experiment itselftiyaeting the frames from the stored
video footage but it is equally possible to perfatmm real time.

4.2.2.2 Sensitivity to Noise Elimination Threshold

The sensitivity of the results to the backgroungs@elimination threshold yielded
clear and consistent results (Figure 4.11). Belovalae of 50 out of the possible
255, very little of the image background is elimath and the resulting binarised
image shows the presence of a flame equal to hefghe image. Clearly this is not
the size of the flame itself but simply the nonmefiation of background noise
leaving a white presence zone equal to the heigiteamage.
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Figure 4.11 —The graph shows the variation of the resultant #@ameight with the
background elimination threshold. The result wasded for different sets of data and
found to be repeatable.

Between the threshold values of 50 and 100 thersigsificant sensitivity to a
change in the threshold. Toward the lower end isf thnge where the sensitivity is
steepest, this is believed to be simply the pra&iveselimination of background
noise until the flame becomes the sole object oAsuement. Beyond this the
difference is believed to be indicative of the afiation of the less radiant, outer
extremities of the flame shown in Figure 4.12.
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a) threshold = 10 b) threshol6lo

c) threshold = 130 d) threshwal240

Figure 4.12 — The resultant images when treated by a range ofkdracind
elimination thresholds.

Between a range of approximately 100 and 200, Mtley sensitivity to the variation

in threshold is observed. From this it is concludkdt within this range is the
optimal value for the threshold and thus a valud 38 is selected. Above this until
the maximum possible value of 255 at which valwedhtire image detail would be
removed, we see a gradual shrinking of the flamerdg the most luminous inner
parts remain in the image.
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4.2.2.3 Sensitivity to Flame Presence Threshold

The sensitivity of the results to the flame pregepbability threshold showed that
for a range from approximately 0.4 to 0.8, the hssvemained fairly constant
(Figure 4.13). Thus a median value of 0.5 corredpanto the flame having been
present in a pixel for at least half of the distreeasurement period was chosen.
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Figure 4.13 — Results of the analysis of the sensitivity of tlené length
measurements to the presence probability threshdlte result was tested for
different sets of data and found to be repeatable.

4.2.3 Heat Flux Measurement

The requirement to measure radiative heat fluxh® surface of the unburned
PMMA from the flame and potentially from other extal sources was carried out
through the use of specifically designed thin slaforimeters.

4.2.3.1 Design and Construction Method

The design used in this work comprised a 20 mm eiam2 mm thick copper disc
with a small hole drilled through the centre atbadégree angle. The diameter of this
hole was such that the bead of a type K thermoeojdd!] could just be inserted into
it. A thin point chisel was then used to close thele and thus pinch the
thermocouple bead tightly into the copper disc (Fegd.14).
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Figure 4.14 -The thermocouple bead is inserted into the hoteéencopper disc and
trapped tightly within using a chisel.

The copper disc was then pressed tightly into & WBlettomed hole of equal
dimensions set into, and flush with, the surfac¢heftest sample (Figure 4.15). The
thermocouple wire passed through a hole just lageugh to accommodate it
through to the back of the sample and to the dajgdr. The exposed surface of the
copper disk was coated thinly with matt black paméachieve an emissivity close to
one.

a) b)

Figure 4.15 —The copper disc is set firmly into a flat bottomeale of equal
dimensions with the thermocouple wire passing thhotine rear of the sample. They
are spaced evenly through the surface of the pestisien.

The construction of these sensors was relativehpls, rapid and cheap, and was
carried out with reference to international staddd#]. The validation of the choice
of material and dimensions that comprised the #kiim calorimeters is detailed in
[3], the work of which was carried out in paraldgth this work.
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4.2.3.2 Converting Temperature to Heat Flux

The method for calculating heat flux from temperatwas similar to that used by
Alston [2]. To calculate the heat flux incident tre disc, an energy balance was
performed on the disc as shown below in Equatian 16

ocr d;s =aq' -0 -T,")-h

(Ts - Tg) - [(45[)0:'—33 + hcr )(Ts _Ti) + q:lat

conv

Equation 16

The term on the left side describes the total beaed in the calorimeter. The right
side describes how heat arrives and leaves. Tétetéirm on the right side describes
the portion of the incoming heat that is absorbgdhe disc, which represents the
desired measurement. The second and third ternrilbesdhe heat that is radiated
and convected respectively to the gas phase it wbrthe disc. The final term
describes the heat lost to the back and sideseofdlorimeter. The term on the right
hand side and both the radiative and convectivengeall involve known or
measurable quantities. Only the conductive lossagepdifficult to measure. For that
reason it was decided to lump the conductive logsgether into one term and to try
to quantify them as a portion of the incoming hélak (Equation 17). This
guantification process, performed experimentafiyjescribed below.

dT. " "
,OCT dts = asqi - gsa(TSA _TOA) - hconv(Ts _Tg) _[Aqll]

Equation 17
4.2.3.3 Calibration Experiments

In order to calibrate the heat losses from thesdistheir PMMA surroundings, tests
were carried out using a gas supplied radiant pandla calibrated Gardon Type
water cooled heat flux gauge. The radiant panel twased on and allowed time to
heat up. A calibrated Gardon Type heat flux metas wlaced in front of the panel
during this time to measure the heat flux from gamel and assess when it had
reached a steady state regime. Once this poinblad reached, the heat flux was
noted and the heat flux gauge removed. A set efTikwin Skin Calorimeters, set into
PMMA samples using the same production method #sed above and arranged
in a cross pattern as shown in Figure 4.16, weaegpol at an identical distance to the
panel heater as the heat flux gauge had been. éfhpetatures of the discs were
recorded and the test was allowed to continue thitemperatures of the discs had
approximately reached a steady state. At this pgbmtpanel was turned off and the
discs left to cool for a prolonged period of timetibthey and the PMMA had
reached room temperature again. This process weeated for a variety of heat
fluxes using fresh discs whenever they showed &sffet the heating so as not to
change the boundary conditions being assessede Effests included the blistering
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of the black paint used to coat the exposed suréacbubbles appearing in the
PMMA in contact with the disc.

Figure 4.16 —A sample of PMMA containing five thin skin caloriereheat flux
gauges sitting in front of a radiant panel underggpa calibration test.

Once the temperature evolutions of the discs wecerded, they were fed into a
rearranged form of the energy balance equationrdieroto solve for the A value.
This A value was then plotted as a function of tdmaperature for each disk used in
the calibration process shown in Figure 4.17.

Temperature of the Disc (C)

Figure 4.17 -Plots of the conductive loss factor (A) as a fuorchf the temperature
of the disc for the copper discs used in the catibn processes. Heat fluxes ranged
from approximately 5 to 15k\W#m
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Figure 4.18 —Plot of the calibration curve for A as a functioh temperature for
copper disc style thin skin calorimeters in PMMA.

An average of all the lines plotted in Figure 4vilds used subsequently to define A
as a function of the temperature of the disc. Thisbe seen in Figure 4.18.

4.2.3.4 Other Parameters in the Heat Transfer Model

For the purposes of the calculation, the emissioftyhe surface of the copper disc
(e9) when painted black is assumed to be one, asheaslisorptivity ). As stated
earlier, the temperature of the disg)(ilvas measured by a thermocouple as was the
temperature of the gasd)J used in the convection term, and the room teatpes
(T.), used in the radiation term. The convective hemisfer coefficient f,, was
evaluated at each stage in time using EquationvitB,the definition of the Nussalt
number (for natural convection in a laminar flow)dasubsequently the Grashof
number given in Equation 19 and Equation 20 respsygt This is based on the
information presented in [42] also adopted in [3].

h _ Nu, Tk

conv
L

Equation 18
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Nu, = 059(Gr.Pr)*

Equation 19

_ gIB(Tf _Too)L3

Gr
V2

Equation 20

Thus given the measurement of the temperatureeotdipper disc in time, Equation
21 can be used to evaluate the incident radiatdag flux to the surface of the disc
and therefore the surface of the PMMA into whicle ttisc is embedded. The
incident radiant heat flux to each disc is caladafor each reading. Using the
pyrolysis and flame length data, the times at wlaabh flux meter is present in the
heated length between the two is established. @heach moment in time, the heat

fluxes from the flux meters present in the heassdjih are averaged to give the final
reading.

et dd-l';s + 550'(TS4 _To4)

qi = (aS _ A) - hconv(Tf _Ts)

Equation 21

4.2.4 Ambient Velocity Measurement

Particle Image Velocimetry was chosen for the mesmant of the ambient velocity
vector. Laboratory experiments were carried oulldtermine the capabilities of the
system to identify the ambient velocity vector ahé potential to automate this

process. The setup of the system and the resulkeaxperiments are described and
concluded upon below.

4.2.4.1 PIV Setup

4.2.4.1.1 Seeding of the Flow

The Seeder shown in Figure 4.19 comprises a cyaldicontainer containing
seeding particles and a brush mounted on a matdrwéth an air inlet and outlet.
The seeding particles used in these experimentg wWemium dioxide, an inert
material with a nominal diameter of 0.5 ufh. The brush rotates thus exciting the
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particles into the flow created by the air forcedugh the container. The air outlet
pipe leads to a small section of aluminium tube, ¢hd of which is covered with a
wire mesh through which the seeded air is ejedibd.entire experiment was housed
within a sealed compartment approximately 2.5mbx2x 2.5m (Figure 4.20).

main chamber\

brush

IN = seeding particles
—_— 1/

Figure 4.19 —The diagram shows the seeder purpose built foreteeperiments. Air
is forced in through the lower inlet and entraihe tseeding particles that have been
excited by the revolving brush. The patrticle fillgd then leaves through the upper
outlet to the experimental compartment.

The compartment had an inlet at ground level in@reer and an extraction duct in
the opposite corner a roof level. The seeding wedted close to the inlet and it was
found that this led to the greatest dispersion eddsng throughout the air in the
compartment and thus enabled a sufficient amountbéo entrained into the

measurement zone.

Figure 4.20 —The compartment in which the experiment was housedfilled as
extensively as possible with particle seeding.
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4.2.4.1.2 lllumination of the Measurement Plane

lllumination of the measurement plane was achievgd a Neo 65-15 twin cavity

Nd:YAG laser from Oxford Lasers (W[1]) fitted witha light sheet optic. The two

laser cavities sat side by side with each producing pulse per image pair. The
pulses were passed through an optic that produckikeegent light sheet which was
aligned with the desired measurement plane. Theknkss of this sheet was
approximately 3mm.

4.2.4.1.3 Target and Camera Setup

A target shown below in Figure 4.21 was designetulid multiple purposes and
positioned in the desired plane of measuremenstl¥iit allowed for the simple
alignment of the light sheet; secondly it enableduaate focusing of the cameras on
the plane of illumination in order that once pdescwere present they would be in
sharp focus; and thirdly it enabled a correctionrindo be established. This need for
a correction matrix was introduced by the cametapse

a) b)

Figure 4.21— a) shows the target used to focus the cameras emimasurement
plane. b) shows the target in-situ in an experiraesgtup.

Due to constraints of budget, two cameras were uspdrallel in these experiments
in order to achieve the required shortness of ineg@sure time and limit the noise
from the radiant flames. When acquiring a pairnéges in rapid succession from a
single camera, the second exposure cannot finishtha information from the first
has been downloaded from the cameras registergWsm separate cameras, one for
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each image in an image pair, eliminates this probbeit introduces another as in
order to correctly assess the distance moved byriicle between two images, the
images must be focused exactly on the same place.

Image A

—> " | —»

x
Image B

Figure 4.22— An illustration to describe the disparity of imaggewed using a two
camera setup, and how a set of correction vectarshe described to translate one
image onto the other.

As this can not be guaranteed when using two canaraatrix must be created that
describes the disparity between the cameras viewgsire 4.22). Initially when the
image pairs are cross correlated, the resultaribovatap will include the difference
between the areas that the two cameras are loakiag well as the actual distance
moved by the particles. By taking an image of thegét from each camera, the
matrix describing the disparity can be createdsufstracted from the results to leave
the true movements of the particles. The camerad us these experiments were
Firewire CCD cameras with a 1392x1040 pixelsolution. No bandpass filters have
been used on the optics.

4.2.4.1.4 Image Capture and Synchronisation

The PIV system synchronisation and image recorgimgerformed with R&D Vision
HIRIS software and electronics (W[2]). A timing dram was constructed to ensure
that each laser pulse is released during the pefiodage exposure and that the time
delay between pulseét] is maintained.

4.2.4.1.5 Post Processing
Post processing the image pairs to calculate theeiye vector maps was performed
in two stages, the first using VidPIV software froloA (W[3]) and the second using

Matlab to correct for the difference between the wameras. VidPIV uses a tree
structure which iteratively cross-correlates anigrs the results. In this manner the
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software is also used to produce the correctiorrixa@nce the uncorrected results
and correction matrix are defined, a Matlab sagpised to produce the final vector
maps and extract and plot any data required.

4.2.4.2 Assessing and Extracting the Ambient Velocity Vecto

The diagrams presented earlier in Figure 2.2 gaviedication of the expected flow
patterns and velocity profiles along a verticaltglined flat plate at a temperature
greater than that of the surrounding air thus intyoatural convection. In order to
assess the capability of the PIV setup to captoese types of characteristic flow
profiles and consequently how the walue might be extracted from a velocity vector
map produced by this setup, a set of smaller syderements were performed on
PMMA wall flames of fixed pyrolysis length. The tats of these experiments were
collected and processed as detailed above, and plaiduced to assess the
resemblance of the results to the theory.

Ts=Ts
To<Ts< Ty
111 u.
/
.............. Too
TS — -I-oo 1 AAAA U

Figure 4.23 — The expected variation in vertical velocity profile the regions
around the thermal boundary layer shown in red.
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Figure 4.23 shows how the vertical velocity profdeexpected to vary in relation to
the thermal boundary layer shown in red. Upstreawray from the effects of the
flame, there is no acceleration due to buoyancynfreating. The flow is slowed
close to the wall by the frictional drag betweee tall and the air and subsequently,
less so, between the streamline flows until theiantbrelocity is reached. Closer to
the flame but still upstream of the leading edbe, ftow should develop a peak due
to the entraining effects of the flame above it d@hd profile shape will start to
transition between the flow profile upstream anel fllow profile within the flame.
Downstream of the leading edge of the flame, tiadilprchanges rapidly with the
addition of the natural buoyancy introduced byhleat from the flame. The velocity
profile here can be seen to track what would beettpected temperature profile. A
similar pattern of drag close to the solid surfecexpected to that of the upstream
entrainment region but this is followed by a rapidrease due to the buoyancy
induced by the temperature gradient present inatheéhrough the profile of the
flame. Further away from the solid surface passingof and away from the flame
region where the temperature drops away towardsiestbthe velocity profile
follows a similar form. Further downstream into thleime region, as the thermal
profile expands laterally, the accelerated portadnthe velocity profile is again
expected to follow this trend, once again fallimgag to ambient with distance from
elevated temperature of the solid surface.

The sub-experiment created to assess the abilithgeoPIV system to capture these
profiles consisted of a PMMA wall flame of fixed nayysis length of 50mm. Like
the main experiments, the PMMA was sandwiched betwgieces of insulation
board to create a smooth transition along the fath board, to PMMA, to board
again (Figure 4.24).

4 FLUME
REGION

- PYROLYSIS

REGION

<1 ENTRAINMENT

REGIQH

‘ [

o0

o0

o0

Figure 4.24— The setup of the sub experiments creates a smadtiwith a fixed
length of PMMA of 50mm shown in blue.



The experiment was carried out in three parts Iparsgely analysing three distinct
regions around the flame; the entrainment regiom plyrolysis region, and the plume
region, all highlighted in Figure 4.24. The entneposed surface of the PMMA was
heated and ignited as quickly and evenly as passitlsing a blow torch. The

compartment containing the apparatus was thendfMéh seeding for the PIV

system and measurements taken shortly afterwamise @gression of the PMMA
surface was observed the test was extinguishethaldMMA was replaced.

4.2.4.2.1 Analysis of the Entrainment Region

When characterised, the flow in the entrainmenioregvas not seen to behave
precisely as expected. There was significant amatierfluctuation with respect to
direction. The general trend, depicted diagramralyicn Figure 4.25 was that of air
flowing / being pulled towards the plate below tih@me and rebounding both
upwards into the flame and downwards and out away fit. This results in multi-
directional flows and recirculation currents insthiegion. The vertical flow does
behave in a similar manner as predicted from tieealiure although this is not found
to be the case consistently.

7 6 R\

Figure 4.25—The diagram shows air approaching the plate benéaghflame and
being forced sideways and away from the plate.

The two sequences of vector maps shown in Figuzé #lustrate the observed
phenomena. The resultant velocity profiles are tthengeable and unreliable with
regard to extracting consistent and representativiegient velocity values.
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Figure 4.26— These two sequences of vector maps show how diaven horizontally toward the cold solid surfacenbath the flame where
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When the profiles from the entrainment region déddemble the conceptual shape
(Figure 4.27), there were two distinct aspectshe profiles. The first was the

expected frictional drag profile slowing the aiouil closest to the solid surface
followed by a rapid increase in velocity over a rshdistance from the wall. The

second was a peak as the drag effects of the wak wvercome followed by the

falling away of the velocity towards some ambieatue with increased distance
from the wall. The peak is the result of the aimgeentrained in to the flame and

thus accelerated beyond the ambient value expéttinds cold region. As is shown

in Figure 4.28 however, these flow patterns areconasistent.
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Figure 4.27 —The two plots show vertical velocity profiles frahe entrainment
region with a close resemblance to the expectedesha defined by the literature.
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Figure 4.28- The plots demonstrate the significant fluctuation anconsistency in
the vertical velocity profiles extracted from me@snents in the entrainment region.
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4.2.4.2.2 Analysis of the Pyrolysis Region

In general the vertical velocity profiles for thgrplysis region (Figure 4.29) match
the expected profile well and are highly repeatalileere is consistently a peak
corresponding to the increased buoyancy producethéylame which falls away

quickly due to the slenderness of the flame and tha thermal boundary layer. The
profile then levels out to a steady ambient flow.
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Figure 4.29 — The plot shows a typical vertical velocity profile the pyrolysis
region.

The high repeatability and distinct characteristitthese data sets provides a means
by which automated identification of the ambienbwl velocity may be
accomplished. Occasional fluctuations were obsetwe#tdeven with this noise, a
level region corresponding to ambient flow is s#lached as shown in Figure 4.30.
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Figure 4.30— The occasional profile plots showing fluctuatiotil sxhibit a final
flat portion corresponding to the ambient air flaway from the influence of the
flame.
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Comparison between the vertical and horizontal aigirofiles revealed a distinct
correlation. The horizontal profile would generatiyoss the x-axis from positive to
negative, indicating a change of direction withime tflow. The positive direction

corresponds to the flow within the flame moving svieom the solid surface as the
gas expands and rises, and the negative flow remiseshe cool air being entrained
into the flame. The transition between the two, zero horizontal velocity, was

generally observed to occur at or slightly to tlet kide of the zone of ambient
velocity flow. This correlation can be seen in Feu.31 and is very repeatable.
Thus it provides a simple method of verifying theubdary between the region of
ambient velocity and that of the flame induced lammy aiding automated

interpretation of the vector maps to produce aeailuu,.
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Figure 4.31— a) the horizontal and b) the vertical velocity pied taken from the
same section through a vector map of the pyrohggion.

4.2.4.2.3 Analysis of the Plume Region

Analysis of the plume region further downstreamimgahowed good correlation
with the literature. The same pattern of drag negiollowed by a peak vertical
velocity and then decay down to ambient was seensistently. With the
measurements being further downstream, the hosgagending and being forced
away from solid surface create a thicker thermgddaThis is clearly evident in the
results from this region with the peak typicallyder than upstream in the pyrolysis
region. A similar pattern demonstrating the cleaival of the ambient region in the
vertical profile coinciding repeatedly with a changf direction of horizontal flow is
seen (Figure 4.32).
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Figure 4.32— The plots show typical horizontal and vertical oy profiles within
the plume region of the wall flame.

4.2.4.2.4 Conclusions

This analysis demonstrates that the PIV systemtremely capable of capturing the
characteristics of the flow field around a wallnfla. It is also clear from the analysis
that the flow patterns downstream of the base ef ftame are more robust to
fluctuations and thus more suitable to the autodhaetraction of the ambient
velocity vector u. The entrainment area has been shown to be irstensiand
fluctuant even for a small laminar flame. It is damt that when a vector plot is
produced that is consistent with the literature etpthe ambient velocity value tends
to be significantly lower than for areas downstreafrthe flames leading edge. Thus
this region is not considered as appropriate ferrtteasurement of,u particularly
when considering an automated process. Downstréane dlames leading edge, the
flow profiles are more consistent with the litergt@nd more repeatable and robust
to fluctuation. It has also been found that bothltbrizontal and vertical profiles can
be used to locate the edge of the thermal bouridsey and thus the location of the
U, input variable to be measured during the flameagexperiments.

4.2.5 Temperature Measurement

All temperatures have been measured using Type/RXmm fibreglass insulated
thermocouples. The data was collected using areAg84980A data logger.

4.3 Sensor Positioning

The following section describes the setup and sgmssitioning of each variant of
the flame spread experiments.
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4.3.1 Benchmark 200mm Sample Sensor Positioning

The PMMA was clamped between the two plates sepdranly by the fire board
insulation as described previously and shown iufeigt.1. This setup was fastened
to the aluminium extrusion frame as shown in Figdr2. Nineteen subsurface
thermocouples were inserted into holes spaced ranlintervals along the vertical
centreline of the fuel sample. These holes werédrfrom the back of the sample
38mm, finishing 2mm from the surface. The therm@teubeads were pushed
against the inner end of the holes and metal wae wsed to hold each one firmly in
place. At no time did any of the thermocouples dait of the holes or indeed appear
to come loose during the experiments. Five gasebarmocouples were inserted
from the rear of the samples into holes drillednhtighrough. The beads were
positioned 10mm out from the face of the sample again held firmly in place by
metal wire at the rear. The first of these thernupdes was 20mm above the base of
the sample, and then at 40mm spacing with the 189mm above the base and
20mm from the top of the fuel surface. The sameisgaarrangement was used for
the five heat flux meters, the description of whislgiven in Section 4.2.3. A view
of the top and front of the sample is shown belowigure 4.33 and Figure 4.34. All
drilling work was carried out in a milling machibg lab technicians.

* !
Figure 4.33 —A top view of the PMMA sample showing the arranggnoé the
various sensors. The heat flux meters are on tifte tlee depth thermocouples

tracking the evolution of the pyrolysis front are the centre, and the gas phase
temperature measurement thermocouples are onghé ri
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Figure 4.34 —The image illustrates the sensor arrangement or0@n#En PMMA
sample.

In total four CCD cameras were used during eachemx@nt. The first was
positioned behind the transparent PMMA sample &wdved images of the pyrolysis
bubbles which were then combined and used in cotipmwith the isotherm data.
Two more cameras were positioned directly in frohthe exposed surface to film
the flame which was used to measure the flame hei@he of these cameras was
positioned close to the surface so that it's vignamgle just covered the 200mm of
PMMA and the other was positioned further awayaptare the flame once it grew
beyond the size of the fuel sample. It was intenthed the closer camera would
more accurately capture the flame height covelmegftiel and that the second would
capture the whole sequence from a distance butapsriess accurately. A
comparison of the early stages could be made tatdiscern how much effect the
distance of the camera from the flame had on thasmrements. The final CCD
camera was placed such that it had an overvielWweoéxperiment. No measurements
were taken from this camera. Figure 4.35 showsetaidthe positioning of the CCD
cameras with respect to the experiment.
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CCD Cameras

ystem

PMMA Sample

Figure 4.35 —The plan view of the benchmark style setup shoevpdisitioning of
the CCD cameras and PIV equipment relative to #peement.

The baffle design taken from the benchmark expertncaused difficulties in the
positioning of the PIV system. The desired measergrplane was perpendicular to
the surface, starting at the surface and movingrouat it. Thus the cameras would
need to be positioned at right angles to this plare positioning of the baffles
meant this was impossible, thus the laser sheetameéras had to be angled into the
fuel surface as shown in Figure 4.35. Once theldsatiad been removed for later
experiments, the effects of this adjustment, aleomp the possible effects of the
baffles could be assessed.

4.3.2 Regular 200mm Sample Sensor Positioning

The setup for the regular 200mm sample experimeats identical to that of the
Fernandez-Pello experiments except with regartieéaspects involving airflow. As
the baffles were removed from the plates holding BMMA in place, the PIV
cameras could be positioned at such an angle do asint parallel to the fuel
surface and thus the laser sheet could be aimgepaicular to it.

4.3.3 Tilted 200mm Sample Sensor Positioning
All thermocouples and heat flux meters for theetlisamples were positioned as per

the regular 200mm sample. The CCD camera acquimages for the flame length
measurements was positioned to the side of thelsaang aligned with the angle of
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the fuel. This was so that the script carrying th& processing technique did not
have to be altered and the length produced by sttha length of solid covered and
not the height of the overall flame (Figure 4.38)similar arrangement was made
for the PIV cameras, again so that the extractedsarement corresponded to the
flow parallel to the fuel surface.

Figure 4.36 —The image shows the dimension regarded as repiagetite flame
length associated to the flame spread model fdtetflame spread experiment.

4.3.4 500mm Sample Sensor Positioning

Surface sensors were identically spaced and fisedith the 200mm samples thus
comprising 12 heat flux gauges, 12 gas phase tetnyer measurements and 49
depth temperature measurements. The layout is showhigure 4.37. Sensor

positioning with respect to depth is as per Fighi@l. In order to capture the entire
flame height when at its largest, the CCD camei tbabe moved outside of the
smoke box housing the experiment and due to rastigin viewing angles due to

windows, captured the side of the flame rather ttrenfront as before. The PIV

setup was as per the regular 200mm experimentgh.set
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Figure 4.37 —The image shows the increased sensor density étatiger scale
laboratory experiments.

4.3.5 Compartment Fire Sensor Positioning

The sensors employed in this experiment are showfigure 4.38. The subsurface
thermocouples were placed identically to the lapeeixnents described above and it
Is assumed that the same isotherm temperaturesponds to the presence of
pyrolysis and surface burning. The characteristicthe heat flux meters are also
assumed to be identical.

1000 mm o e e

——300 mm —|

Figure 4.38 —The diagram shows the layout of surface thermo@suphd heat flux
meters of the PMMA slab in the main experimentadgartment of Dalmarnock Fire
Test One. The blue circles indicate the locatiosuifsurface thermocouples and the
red circles indicate the thin skin calorimeter styleat flux meters.
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Due to the constraints of the scenario it was rossible to place a video camera
directly in front or to the side of the slab to reeee the flame height. The slab was in
view of two of the CCD cameras however and a seale drawn on the wall next to

sample to aid the assessment of flame height.dtildhbe noted however that the
CCD cameras with a view of the slab were at flomight and set to a low frame rate
of approximately one frame per second due to caimésr in the data transmission
rate resulting from the number of sensors presetite overall experiment. Thus the
resultant data was not suitable or numerous enéagthe same image processing
technique employed for the lab experiments. Thapsdid not directly contain gas

phase thermocouples close to the surface of the RMNhough the compartment

did contain approximately 240 gas phase thermoesyind a tree containing 12 of
which was within half a meter of the slab. Althoughnear surface temperature
cannot be extracted directly from these measuresnehe high sensor density

enables iso-slices to be constructed of numeroasepl through room and thus
provides an assessment of the level of stratiboain time during the experiment. It

was clearly not possible to include the PIV systeithin the setup and as such no
measure of surface or ambient local flow velocigswaken for this test.

4.4 Results

4.4.1 Comparison With Benchmark Experiment

The results of the initial imitation experimentses very well with the benchmark
experiments [29]. Figure 4.39 and Figure 4.40 shoavcomparison of the pyrolysis
length and flame length measurements. The closaiabe data demonstrates that

the measurement techniques that have been adaptdt fpurposes of this work are
capturing the phenomena correctly.
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Figure 4.39 —The plot shows the close match between the ewolafithe pyrolysis
length in an imitation experiment and the benchmexgeriment. The plot shows
both visually observed and measured (isotherm) ttata the imitation experiment.
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Figure 4.40 - The plot shows the close match between the ewoloficdhe flame
length in an imitation experiment and the benchnegeriment.
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4.4.2 Repeatability of Results

The results for pyrolysis length data from all \eatly orientated PMMA samples

showed high levels of repeatability. Figure 4.4bveh the data from the vertical
200mm experiments and the initial 200mm of datamfrthe 500mm vertical

experiments. There is a good correlation from aliadwhich indicates a range of
spread rates between 0.75 and 0.95mm/s. The ¢periments showed a little more
variation with two results matching very closelyt lmne progressing significantly
slower. It is believed that these experiments aorensusceptible to changes in
environmental conditions than the upward flame apreests as the flame is more
exposed and thus moves more relative to the undusneface affecting the heat
transfer to it. The slower spread experiment cpwaded to a 25mm thick PMMA

sample whereas the two identical experiments batth thicknesses of 40mm. A
fourth experiment on 25mm thick lower grade PMMA sweonducted but the

temperature results were lost and thus cannot bgared to see if the trend was
concurrent with the thinner samples in this origota

250 ~

200 ~

150 4 ° »

¢ Experiment 01

pyrolysis length (mm)

100 ~

50 +

= Experiment 02
Experiment 03
Experiment 04

X Experiment 05

e Experiment 10

+ Experiment 11

- Experiment 12
Experiment 13

time (s)

Figure 4.41 —The evolution of the pyrolysis length for the fR60mm of all vertical
specimens demonstrates the repeatability of thgalirsetup. Spread rates of the
flames are approximately between 0.75 and 0.95 mm/s

Flame length results again showed good levelspdatability and comparison to the
pyrolysis length data also showed correlations betwthe two. When the growth
rate differed to other experiments of the same,tilpe difference could in general be
seen in both sets of length scale data. The thmiéialiexperiments imitating the
setup of the benchmark experiment showed almosttici¢ growth patterns, as
shown in Figure 4.42. When the baffles were remotvexte was more variation,
shown in Figure 4.43. The flame length results toe tilted experiments were
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concurrent with the results for the pyrolysis ldrggtwith the experiment on a 25mm
thick sample resulting in spread far more slow thiat over the 40mm thick
samples. Flame length data is available for a foaxperiment whose temperature
data was lost and showed that the growth rate eag similar to the two 40mm
thick experiments indicating that the reduced spmage may not be linked with the
thickness of the material in this case. The flaereggth data for the slower growth
tilted experiment was notably noisier than the mh®iggesting that environmental
conditions had differed in this case. The flamegtha from the vertical experiments
also showed similar characteristics. When the flameached lengths of
approximately 200mm, the growth rate of this datawved and became noisier
(Figure 4.42). For the longer experiments the diaém proceeded to become less
scattered as the flame grew further although wasysd more scattered than the
initial very laminar phases. There was also a dureaevident in the growth trends
indicating some level of acceleration present ase¢hincreased lengths in all of the
500mm experiments. In all experiments there wa® asclear and gradual
deceleration as the flame reached the top of thgleaand thus its full height. For
all lower grade PMMA samples, the flame length datkcated a slower growth rate
for all variations of the experiments scenarios.
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Figure 4.42 -The evolution of the flame length for Experiments 3 demonstrates
the repeatability of the initial setup.
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Figure 4.43 —The plot shows the more varied nature of the fldéength growth
when the baffles from the benchmark imitation expents are removed. It also
shows the different nature of the flame of the fayvade PMMA (Experiment 5).

The temperatures measured directly in front of éxposed face showed very
consistent results with temperature traces fovetiical PMMA specimens generally
hitting a plateau of approximately 700°C (Figurd44.Figure 4.46). Temperatures
for the tilted samples levelled off at a slightyer temperature of approximately
650°C but again this was consistent for all experita of this type (Figure 4.45). It
was evident from the results when the flame haddreloser to the vertical surface,
as the temperature readings would drop due tohtenibcouple beads protruding
from the rear of the flame.
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Figure 4.44 —The plot shows the temperature data for five gassplithermocouples
distributed evenly along the height of the expdaed of a benchmark style vertical
spread experiment. The thermocouple beads are 1fitormthe surface and their
heights above the base of the sample are givameitegend.
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Figure 4.45 —The plot shows the equivalent data as shown inrEigu4 for a tilted
experiment. There is a noticeable difference intiime taken for the thermocouples

positioned towards the upper end of the sampleotoecinto contact with the hotter
gases produced by the flame.
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Figure 4.46 —The graph shows the gas phase temperature measui®rinem a
500mm high vertical spread experiment.
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Figure 4.47 —The plot shows the results for themeasurements for the benchmark
imitation experiments. The results were fairly smatd and ranged between 200 and
450 mm/s.
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Figure 4.48 —The figure shows the.umeasurements for the regular 200mm
experiments. The data was less scattered than easase with the other tests but
spanned the same range of magnitude.

The ambient velocity () measurements made using the PIV system variemssacr
all experiments. The majority of the data showehae or less constant ambient
velocity for the duration of the experiments bubhgad from 100 to 1000mm/s
between tests. There was no clear correlation legtilee faster velocities measured
and experiments with faster spread rates or vicesaveNeither was there a
correlation between the more scattered data and similarly scattered dlata.
Comparison of the data for the benchmark experimdrre baffles were included
(Figure 4.47) to maintain a steady 2D flow, witle tthata produced when the baffles
were removed (Figure 4.48) showed unexpected sesulhile the data generally
spanned similar ranges as would be expected, aatathe tests with the baffles was
far more scattered than data without, which shotiredsteadiest results of all the
experiments.

The data produced by the heat flux meters was yigbattered and irregular and
showed no indication of trends or correlations. ©hé/ noticeable feature was the
far lower measurements in the tilted surface expemis as compared to the
measurements from vertical surfaces (Figure 4.79¢. data from all vertical spread
experiments was of a similar order of magnitudee Tmoposed reasons for the
highly irregular data are detailed in Section 431.3
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Figure 4.49 -The figure shows the difference in magnitude cident radiant heat
flux data from the benchmark imitation experimentsomparison with the same
data from the tilted PMMA experiments.

4.4.3 Assessment of Experimental and Measurement Technigs

4.4.3.1 Pyrolysis Length Measurement

The comparison of Figure 4.41 and Figure 4.42 sheowsticeable delay between the
measured pyrolysis front reaching the top of theM™sample and the flame
reaching its full height. This is attributed to tbelection of an isotherm temperature
corresponding to the earlier stages of pyrolysidetsiled in [19]. At this stage
pyrolysis bubbles, although clearly present in thdeo footage, may not be
producing sufficient amounts of gases to sustaamiihg at the surface at that
location. This can be corrected for by re-plotttngange of isotherms and comparing
the times each isotherm indicates as the end ofxperiment with that of the flame
length plot. Results indicate that an isotherm@d°C measured at the thermocouple
depth corresponds best with the flame measurems&mbsyn in Figure 4.50 below.
The 80°C and 100°C isotherm have an approximatély 8ifference in their
projected experimental end times. As indicatedi@afFigure 4.7), the visual results
were initially noted as being within a range of 8@ 100°C from which the former
was initially chosen. Given this latest observatianvever, the upper bound appears
to be a more suitable choice and as such, thetsegiuen later will be representative
of a 100°C isotherm.
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Figure 4.50 —A plot comparing the pyrolysis length given by & @isotherm and
flame length from the same experiment. The pyslg¢ata indicates that the front
will arrive at the top of the slab at the same tiasethe flame stops growing.

The density of data points provided by this techaigs of course limited by the
number of thermocouples with one thermocouple gliogi one data point. With the
thermocouples spaced at 10mm intervals there isigatficant scope for increased
data density in this technique. In the later stagfethe experiments fairly accurate
trends can be interpreted in the data but earlytrend identification is problematic
and reliant on observation of flame length datadegdiby any available pyrolysis
length data points. Thus the data density appedog fat a lower bound with regard
to usefulness and practicality. There is noticeatdatter in the thermocouple
readings which can be attributed to the conditidnth® holes in the PMMA.
Although effort was made to drill the holes as aately, consistently, and cleanly as
possible, and the holes were cleaned and dried friase, it was noted that some
holes were not always drilled to within preciseijm® of the front surface. This
would have resulted in some thermocouples beinthdarfrom the surface than
others and thus having more thermal lag which hagti@eable effect on the results
produced. It was also noted that there was occakyoresidue left from the drilling
process which will have affected the thermal canteith the inner end of the hole
and the thermocouple bead. A similar technique used by Rangwala [61] and
Fernandez-Pello [29] who both reported similar pFois due to inaccuracy in the
thermocouple junction placement. Overall the tegheidelivers enough information
to be usable, much more so in the later stagesh@fekperiments. With more
precision and investigation, a very useful techaigould be developed for future
applications.
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4.4.3.2 Flame Length Measurement

The image processing technique is very well suitethis particular problem under
the specific environmental conditions. The techaiggields a high density of
repeatable, reliable and robust data. Some min@ngds were made to the
positioning of the CCD cameras following the iditexperiment as it became clear
when the flame has reached the boundary of the reamweew by the repeated results
in the data (Figure 4.42) with the coordinate & tipper pixel adjudged to be part of
the flame equalling the height of the image. Thiglistinguishable from the usual
steady flame height at the end of the experimeheravthere is scatter about a mean.
The camera positioning was adjusted after notidimg problem after the first
experiment performed, and better results were seenediately in subsequent
experiments (Figure 4.42). When the results oftthe cameras measuring flame
length, one close and one further away, were cosdbdhnere was little to no
difference between the two sets of results. This e case for all three of the
benchmark style experiments. For later experimentg one camera was used at a
distance sufficient to ensure the later stageshef éxperiments were correctly
recorded but not so far away as to risk introdudiagcuracy into the results.

Results consistently start to exhibit more sca#terthe flame length approaches
200mm and the flame reaches the expected transditurbulence but this appears
to subside once the transition has been made. & stabothing algorithm can be
utilised to reduce this if necessary which shoaldilitate identification of trends in
the data. The processing of images naturally resaltthe need to analyse larger
quantities of data and thus results in increasedpetational demands than is the
case with other techniques. Processing times cbeldreduced greatly though
through more optimised programming and more poweadmputational resources.
The only doubt remains with respect to the broag®licability to fire scenarios
where the levels of light intensity range greatlydathe conditions are not as
restricted as those that constitute these expeteamemhese problems are
demonstrated by the video footage of the Dalmarrtéiok Tests where visibility is
lost at flashover thus depriving the PMMA Sub-Exmpent of flame length data.

4.4.3.3 Heat Flux Measurement

In general the data produced by the thin skin caketers is noisy and erratic
therefore making the identification of trends diffit. In the majority of the

experiments the initial readings were negative ghmanto positive readings as the
flame grew and became turbulent in nature. A typieat flux evolution produced
by the calorimeters is shown in Figure 4.51.
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Figure 4.51 —The plot shows the raw output of incident radiaeatflux (W/rf) as
measured by the thin skin calorimeters and produicgdhe method outlined in
Section 4.2.3.

As the flame tip becomes level with a disc anddis& is heated and becomes part of
the calculation, there is a lag time while the desponds to the heating effects of the
flame and thus until the thermocouple registers ¢hange. In the initial stages, the
temperature of the copper disc and thus the erstoggd in it is relatively low. The
flame temperature however has far less lag timecasted with its measurement and
is therefore already recorded as being signifigamtjher than the solid temperature.
Thus the first term on the RHS of Equation 21 ipragimately zero as the energy
stored in the disc and the re-radiation from itmreimal due to the small increase in
solid temperature. The second term on the RHS @ive heat transfer to the disc
from the flame) is much larger as the flame tempeeais quickly established as
much higher than that of the disc resulting in tieisn being much higher than the
first and therefore in the negative readings ofrtitBative heat flux shown in the first
portion of Figure 4.51. Due to some difficultiesthwthe reliability of the ignition
method (discussed in Section 4.4.3.6) there wassores preheating of the lower
heat flux meter by conduction through the solid. aWhthe ignition source was
removed the temperature of the first disk woulchtdeop slightly as the flame was
still very small. This produces a negative valueheat stored in the disc and further
reduces the radiative heat flux reading from thercaeter. As a result of this any
negative results have be set to zero to indicategéigible radiative flux at the time
of the reading (Figure 4.52).
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Figure 4.52 —The plot shows the incident radiant heat flux otifppm the thin skin
calorimeters for a benchmark style experiment webative values set to zero to
indicate a negligible radiant heat flux.

The data output from this technique tends to evoiveeaks. This appears to be the
result of a combination of the method used to &aitewhich heat flux meters are in

the heated length and the thermal lag describedeal#s the lowest calorimeter has
been in the heated region for the longest periotnoé, it appears to contribute a
greater amount to the value averaged from all tlsesdin the heating zone

contributing to this average. The contributing disearer the top of the flame are
still displaying the effects of the lag time debed above and thus when the
pyrolysis front passes the lowest heat flux meted &s contribution becomes

invalid, the average falls.

Despite the erratic behaviour of the data therecareslations between this and other
data. Figure 4.53 shows a comparison with the flength data in which trends are
very clear. At approximately 100-150s when the #dength data shows a transition
to turbulence and reaches the 200mm mark, thedefetadiant heat flux begin to
register as non negligible which agrees with presiobservations in the literature.
At approximately 250s the flame begins to show sigrfi acceleration with a
curvature developing in the flame length data ahtckvcorresponds with a spike in
the measurements from the thin skin calorimeteffie reading falls away again
around 300s as the flame reaches its peak lengib.cbrresponds to the pyrolysis
length reaching the top of the PMMA sample and ipgsthe final heat flux meter
resulting in no further readings for this data.
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Figure 4.53 - The graph shows the correlation of incident radidmat flux
measured by the thin skin calorimeters and the dldé@mgth for a benchmark style
experiment.

A brief analysis was carried out to establish #weges of temperatures that the heat
flux meters experienced whilst considered to béiwithe heated length between the
flame tip and pyrolysis length. The lower bound penature was generally around
50°C and the upper bound at approximately 225°GHer200mm high experiments
and 325°C for the 500mm high experiments. The cotiolu loss factor A (Figure
4.18) was calibrated for temperatures from 0°C 50°€ and thus spanning the
ranges experienced by the majority of the experimen

4.4.3.4 Ambient Velocity Measurement

The main advantage of this technique lays in itbtalbo measure multiple points or
more accurately, an area rather than a simple pogatsurement therefore ensuring
that a representative value of is measured. The measurement area allows it to
adapt to the variable nature of the spreading flamseway that single measurement
point cannot. The data output was very consistemi@confidence in the technique.

It also has other potential uses with regards tasmeement of thicknesses relating to
the flame which were not employed in this work thiedding a potentially powerful
measurement technique.

There were however problems with reliability encewed during testing which have
implications for automated use of such a system aad resulted in a less than
satisfactory level of data output from the techeig’he software proved to be
unstable and repeatedly crashed during testing.tifie taken to reset the settings
upon resumption of the programme wasted valuablasarement time. This

problem was not encountered during testing anddcoat be resolved at the time of
testing. A delay was also encountered in refillthg measurement chamber with
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seeding. The flow to the seeder was halted durimg@surements to ensure no
interference with the flow being measured and tleusls of seeding were reduced
through extraction of the hot gases. The seedenmizally designed to disperse the
particles gently in to the direct vicinity of thiaine but later adapted to simply fill

the entire experimental environment with seedingiglas. Had the initial design

been focused on the final dispersion strategys ibelieved that more data points
could have been achieved during the experimenshtiuld be noted that the
technique, both hardware and software aspectsptisiesigned for automated use
and significant effort would be needed to autométe entire technique from

beginning to end. Like the image processing them bt of data associated with the
images and the cross correlation algorithm ne@ssilarge computational power if
it is to be fast enough to be used in real time.

4.4.3.5 Temperature Measurement

Temperature measurements generally gave good tamisigesults. The gas phase
thermocouples gave a good approximation of thedlammperature considering the
fairly simplistic method employed. The results froa experiments showed a
repeatable consistent plateau in the 700-850°@medi more two dimensional array
of thermocouples may have been better for tracking flame temperature and
ensuring a peak value was obtained, When the flgnew and drew in closer to the
fuel surface later in the experiment, the thermpteaicould be seen protruding from
the rear of the flame and the corresponding tenwperaeading fell (Figure 4.54).

This proposal does however run the risk of furtdesturbing the flow and thus

interfering with the velocity measurements and poddly the spread process itself.
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Figure 4.54 —The plot shows the plateau reached by the thernpdealata during a
benchmark experiment. As the flame grows and is/ireloser to the PMMA, the
lower thermocouples begin to protrude from the #aand the readings subsequently
drop.
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4.4.3.6 Ignition Method

The ignition method successfully fulfilled its poge of producing a line fire at the
base of the PMMA slabs. There was a tendency hawevethe flame to spread
slightly unevenly due to the heat flux meters ie thcinity of which spread was
slower than elsewhere across the face. The methsdcet always completely robust
however as frequent power surges caused trippinfgsafs for thick wire before a
flame could be established while thinner wire tehde break violently when the
pilot flame was applied. When the wire snappedad to be reset into the surface of
the PMMA on each occasion which involved removatha test specimen and thus
the embedded and gas phase thermocouples as wtilb@th outcomes there was
preheating of the PMMA followed by a delay due ésetting in which heat could
spread through the PMMA sample thus potentiallyngirag the initial conditions
once ignition was achieved. These problems led balancing act between getting
sufficient heat into the solid quickly enough table instant piloted ignition without
breaking the wire or overloading the fuse. If tleating was performed too slowly
with the intension of protecting the wire then thevas a risk of preheating the
surface ahead of the ignition line which upon igmitwould lead to a faster flame
spread in this region. Sensor wise this affected fifst reading of the embedded
thermocouples and the lowest heat flux meter.

4.4.4 Assessment of the Model Assumptions and Correlatioto the Literature

4.4.4.1 Dominant Heat Flux Variation

Analysis of the literature regarding the expectedtHhlux to the unburned fuel ahead
of the pyrolysis front (Section 2.1.3.2) indicatbdt the dominant mode of heat flux
would vary with the size and characteristics of tlaene. In laminar regions (for

small flames or the regions of large flames justaah of the pyrolysis region)

convective flux to the surface should dominate ti#es flames grow larger and more
turbulent, it is expected that the radiative flukl wurpass the convective flux. This
is evident in the results of the larger experimemith a sample height of 500mm,
and the data output from one such test is used agample below.

Figure 4.55 shows a comparison of the convectivkradiative components of the
heat flux from the flame to the surface. The radeacomponent is measured as
detailed in Section 4.2.3 and the convective corepbis calculated according to the
relevant part of Equation 14. Figure 4.56 showséhelution of the flame length
during the spread process and the characteridtitssoplot correlate well with the
heat flux data (Figure 4.55). Figure 4.55 cleaHgpws that for the initial 150s post
ignition the convective heat flux is the dominargananism. Figure 4.56 shows that
at this stage the flame is small and video footstyews the flame to be laminar in
nature, thus corroborating with the literature. fEhes a transitional period around
200s where the two components are approximatelaledunis corresponds to a
flame height in the region of 200mm which agreethuhe findings of Orloff et al.
[59].
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Between 200 and 500s the radiative portion becanm@e dominant, approximately
double that of the convective flux and the increasgradient of the flame height in
time represents an acceleration which would be@rpan a turbulent regime. From
500s the radiative component then falls away, riegch negligible value after 600s.
At 500s the pyrolysis length composes approxima#gl® of the 500mm. Video
footage indicates that the region of the flame dogethe remainder of the non-
pyrolysing fuel is quite laminar in nature. Thusmbuld be expected that the heat
transfer in this region be dominated by convectaod the corresponding change in
spread rate would show a deceleration. The radidlix reading can be seen to fall
away to zero prior to the pyrolysis front reachthg top of the slab. This is due to
the relative positioning of the thin skin calorimest and the pyrolysis front. The
measurement takes into account only flux metersgmtein the heated length As
the pyrolysis front passes the final meter, in tase of the example experiment
30mm below the top of the sample, the calculatibradiative heat flux ceases, thus
the a value of zero for radiative flux is indicated

4.4.4.2 Heating Ahead of the Flame Tip is Negligible

An assumption of the model is that heating from bostion products ahead of the
flame tip is neglected as it is of minor influenaden compared with the heat
provided by the flame itself. The plot in Figure&5ad.shows the evolution of a
selection of the depth thermocouples along sidaearepresenting the approximate
evolution of the location of the flame tip.
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Figure 4.57 — The figure shows the temperature traces of fivethaf depth
thermocouples spread over the height of the samapte an approximation of the
evolution of the flame tip. The lower thermocougieew heating prior to arrival of
the flame tip where as the upper ones remain atenoorless ambient temperature
prior to being considered as being within the hddength.
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Once the flame tip passes the height of the theooque it can be considered to be
within the heated length and thus any heating ftbat point on is attributed to the
flame. The assumption appears to be justified awmodstrated by the higher
positioned thermocouples that in general have nsénr above their initial
temperature. The lower thermocouples do show ptelgedut as this has begun
prior to ignition it can be attributed to prehegtiinom the ignition source rather than
the flame itself. The heat flux meters of the sarperiment show a similar trend
with all but the lowest at ambient temperature whiegy become considered as
within the heated length and thus valid for meas@rm.
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5 Basic Methodology

Chapter 1 portrayed the need to provide emergesspyonders with accurate robust
information about an evolving emergency to enablent to form an optimised
response strategy for each specific emergencyattegd. The aim of this work is to
demonstrate how combining sensor data with modgléan counterbalance the
shortcomings of each of these two entities wheml usesolation towards this goal.
The model described in Chapter 3 symbolizes thexgrnenon taking place in the
basic experiments (Section 4.1.1) and thus shoeilddte to predict the future flame
spread and flame characteristics if steered byectt data. For this to happen, a
process needs to be defined to combine the selasarréicorded by the techniques
defined in Chapter 4 with the physical model. Thecpss should attempt to estimate
any parameters that remain unknown again steeretthédogensor data. The result
should be that all the constituent parts of the ehodre evaluated and are
representative of the experiment. By projectionvind in time, the conditions at any
point in time between the time of forecast and ¢hd of the experiment will be
known. The method by which this is accomplishedetailed below and followed by
a detailed breakdown of each stage of the process.

5.1 Overview of the Process

The process that has been developed is depictdeiflow diagram in Figure 5.1.
There are three main stages to this process whéchamtinuously iterated to provide
a dynamic optimisation of the parameters in the ehadd thus the prediction that it
provides. The first phase of the process is datarélation. The raw data from the
sensors is pooled, processed to transform it infimrra that is compatible with the
model, and filtered to remove error-ness data. Sdo®nd phase is the population of
the model. The parameters contained in the modebeaseparated into two distinct
types at this stage. The first is measured dataeatefined constants supplied either
as a constant value or a defined time variant ioglship. The second type is
unknown parameters which are found by means of @roariate optimisation
method. The paths that the methodology can takmglihe population phase are
defined by the transitional stages that the flanilé go through as it grows. The
methods by which the transient behaviour is deedribnd by which the unknown
parameters are optimised are directly related égehransitions. The final phase is
the projection of the model and constituent paranseso that the conditions of the
experiment can be defined at each point in timevéenh the time of projection and
projected end of the experiment. The process tbepsl back to the first phase,
where data is being continuously assimilated, sess the current data set (original
data plus data acquired since) for any change®malitons. If a condition change
has occurred, data prior to it is discarded towkelit from the optimisation process.
All data deemed representative of the current ¢ard is then sent on to the second
phase to populate the model. If the model is trefyresentative of the experiment
and the data processed from the sensor output iscadorate measure of the
phenomenon it represents, the output at eachidgarsihould result in convergence of
the evaluated parameters as more sensor data be@waidable and the error bars
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associated with the prediction and each of its et parts should shrink. If the
parameters diverge, then the physical model iscapable of describing the process
in its integrity and needs to be refined.
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Figure 5.1 —The flow chart shows the relationships betweerthalelements of the
prediction process.

If conditions within the scenario change, the pssceffectively starts again, thus
convergence of the parameters describing the socemay take place in numerous
phases, each corresponding to a change in corslitibhere are three stages
expected to be observed during these experimentgyial laminar phase where
convection dominates the heat transfer to the monbeisting fuel, a secondary
phase where the regime transitions to a more tenbulame and radiative heat
transfer becomes comparable the convective traastifinally, a third regime when
the flame becomes fully turbulent and the spreatbcity shows significant
acceleration with radiative transfer from the flabezoming dominant. The simplest
scenario will be that the same physical model dessrall phases and the differences
between phases are encapsulated in the evaluatathgtars. Nevertheless, this
might not be the case and if a single physical rhadanot reproduce all phases,
multiple models may need to be constructed ancer@itfor transition between
models need to be defined. Experimental data vellthen contrasted with these
criteria to establish the physical model to be used

5.2 Data Collection, Processing and Filtering

The data analysis segment consists of collectionthef sensor data from the
beginning of the incident / experiment to the pnéseoment in time and the
arrangement of this data chronologically and inoanf suitable for the model to
utilize. While in some cases data can be extratieck or less directly in a form that
is useful such as gas phase temperatures, othersdeh as the flame length and
ambient velocity measurements will involve the mssing of the raw data to
varying extents into a form required by the modeell defined parameters such as
material properties and universal constants arel fean a database. For the
purposes of these experiments, the techniquesrdoaire pre-treatment and the
specifics of the individual processes have beeailédtin Section 4.2 including the
conversion of camera images to flame length datiavantor maps to extract relevant
ambient velocity vectors, the extraction of isothedata from depth temperature
measurements, and the determination of heat flirees temperature measurements
within the thin skin calorimeters. With the datatle correct format, it must be also
arranged chronologically and in some cases filtebedsmoothed before being
inputted to the model. Flame temperature measurefeerexample requires the
filtering of the measurements to include only thé®en thermocouples present in
the region of the flame which in turn requires gsal of the flame length data. Once
the relevant measurements are isolated a decisinonbe made as to whether an
average or maximum temperature is taken. A sinajpgaroach is needed to establish
which of the thin skin calorimeters are lying beéwethe pyrolysis front and the
flame tip and can be assumed to be measuring thieflue from the flame to the
surface, thus requiring the sensor information friovo other sources to make the
information usable in the model. The ambient vélogector once processed from
the PIV image pairs and extracted from the cortecation in a vector map is
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simpler as it is not expected to change signifigaanhd thus is simply averaged as
more data becomes available.

5.3 Population of the Model

The second stage of the process is the populatiotheo model. The methods
employed in this stage of the process are separateddistinct sets. The set of
methods chosen is defined by the characteristich®fflame as are the methods
themselves. In order to decide which set of praeess perform, the nature of the
flame over the period of time for which data isitalde must first be defined. If the
flame or environmental conditions are adjudgedawehchanged in nature during the
time period represented by the current data, dgieesenting conditions before the
change must be discarded. It is important thatddte that is used to populate the
model and establish which processes are used tongtish this, represents only the
current state of the experiment. This will ensurat,t provided the process works
correctly, the prediction generated will be a fastcof the current state. Once
conditions within the experiment have been esthbtisand data relevant to those
conditions has been isolated the model can be ptgull There are two distinct
classifications of parameter within the model; tharameters that are either
predefined or directly measured (the “known” partars), and the “unknown”
parameters which have not been directly measurddrars must be optimised from
the available data.

5.3.1 Assessment of Current Experimental Conditions
5.3.1.1 Changes of Conditions

Once the data has been assimilated from the semsorgerted to a form concurrent
with the requirements of the model, and been &teto remove data that is clearly
error-ness, the data is assessed to spot anyisagrithanges. Changes are indicated
by variation in trends and may be representativa wansition of flow regime from
laminar to turbulent, or a difference in the enmireental conditions. This process is
included to ensure that the fits applied to thedathe next stage of the process and
the optimised parameters that result from them rapesentative of the current
conditions only and not influenced by non-relevdata.

5.3.1.2 The Nature of the Flame

The nature of the flame determines the shapedsafid the methods of evaluating
unknown parameters, and as such a correct assdssiiteunltimately determines the

accuracy of the prediction itself. Before fittingdaoptimisation are performed, the
data is inspected and a decision made as to whittadlame is laminar, turbulent or
transitioning between the two. The information usted determine this is a

combination of the trends shown by the length sdala, the size of the flame, and
the amount of incident radiant flux measured bythe skin calorimeters.
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Figure 5.2 —The plots show two sets of flame and pyrolysisttedgta. (a) a typical
laminar flame and (b) a larger more turbulent flame

The example shown in Figure 5.2 demonstrates tbeflaane regimes. The first plot
represents a laminar flame where the growth in éldength appears steady and
linear. The overall flame length doesn’t exceed @@0 which Orloff et al. [59]
reported as corresponding to the onset of turbudehaviour. In the second plot, the

flame has exceeded 200mm in length and shows lat sliggeleratory trend and thus
would no longer be considered laminar.
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Figure 5.3 —The figure shows two typical examples of graphspewsmg the
incident radiative flux measured by the thin skalodmeters (blue squares) and the
estimated evolution of the convective flux to thease based on the; cvalue

obtained at the previous iteration. . (a) a typit@hinar flame and (b) a larger more
turbulent flame.
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The third and final form of data used to make fhdgement is the respective levels
of convective and radiant heat flux. This dataasawvailable at this stage of the first
iteration of the process as provision of both foohkeat flux relies on optimisations
made in a previous iteration. The heat flux reaslifrgm the thin skin calorimeters
rely on a fit of the pyrolysis and flame length alab establish which meters are
within the heating region. The estimation of thengective heat flux relies on
provision of the ¢parameter which is optimised later on in the psscdhus, for the
first iteration which occurs relatively soon aftbe ignition, the flow is assumed to
be laminar. In subsequent iterations when dataaslable, plots are produced such
as those shown in Figure 5.3 using fits and opatiogs from a previous iteration. In
the first of the two plots shown in Figure 5.3, ttien skin calorimeter data is
registering zero incident radiant heat flux (seeti®a 4.4.3.3) thus indicating that
the flame can be considered laminar. In the segdoigl the data from the thin skin
calorimeter is comparable to that of the estimamavective flux indicating that the
flame is in a transition phase and the relevanelfewf radiative flux should be
established.

5.3.2 The “Known” Parameters
5.3.2.1 Length Scale Parameters

The values of the length scale parametgmandl |, vary in time as the flame spreads.
To aid the optimisation and prediction processds,istapplied to the measured data
for each of these two parameters. The fit consis® function describing how the

parameter varies in time. The function used isrdateed by the nature, laminar or
turbulent, of the flame. Length scale data is siggdpto the model in the form of

these fits i.e. as some function of time, whichldes the projection of the trend

shown by the data into the future.

Examination of the pyrolysis and flame length d&@am the experiments and
inspection of the literature [17] [59] clearly denstrates that the two parameters are
closely linked and that trends in both sets of daitaor each other to a large extent.
This knowledge is important as it suggests thafiteenade to these two sets of data
should be of the same form i.e. if one set of dataearly developing linearly, the
other should be expected to develop in the samenenaand thus linear fit models
should be applied in both cases.

This knowledge is also extremely useful in casesreldata is sparse as it enables
the fitting process to compensate to some exterd fack of data. This is seen to be
the case in the experiments reported here wheraumer of pyrolysis length data
points is limited by the number of depth thermodesmnd trends are difficult to
identify early on by this data alone. By contrdbe flame length data is generally
dense enough to clearly show a trend from the wany stages. The process of
applying a fit to the pyrolysis length data is thmere robust as the uncertainty
involved in deciphering a trend from the data imoged and the correct style of fit
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can be made. In these cases the pyrolysis lengghhda only to guide the magnitude
of the fit thus reducing uncertainty and therefener.

Inspection of the experimental results has showretho be two patterns of growth
present within the range of conditions encounténetiese experiments. In the early
stages of the experiments the flame spreads Ilynaad thus the length scales follow
a corresponding trend. As the flames grow, theagpie seen to accelerate portrayed
by a curvature in the development of the datanretiThe linear growth corresponds
to a laminar flame state while the accelerativendrés indicative of a turbulent
regime. Thus the method of fitting is predetermibgdhe result of the assessment of
the nature of the flame described above (Secti8rl2) and the application of these
fits is described below.
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Figure 5.4 -The plot shows corresponding sets of flame length (blue triangles)
and pyrolysis length data (red squares). The figglento the data (continuous lines)
represent how they are thought to have variednretup to 90s post ignition.

5.3.2.2 The Linear Regime

At any stage when the flame behaves in a lamirghida, a simple straight line fit
pattern is prescribed to the pyrolysis and flanmgile data. This may be in the initial
loop or in subsequent loops when the flame is agjddo be either laminar in nature
or in a transition phase but still evolving lingarAs alluded to previously, there is a
close relationship between flame length and pyrsliength which is characterised
when the flame is laminar in nature by Equationw#iich states that the two are
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linearly related. Equation 22 is identical to Egmat10 with n equal to one for
laminar flow.

I, =c)l,

Equation 22

If the flame has been deemed to be laminar thranggection of the data a linear fit
is applied to both the pyrolysis and flame lengtkadn the form: -

|, =m(t)+c
Equation 23

An example of the fits produced by this fit modekhown in Figure 5.4. Inspection
of the data in this figure shows consistent groater this period and it remains
smaller than 200mm.

5.3.2.3 The Accelerating Regime

For accelerating spread rates, usually the resdltlly turbulent flows, the simple
straight line fit can no longer be used to desctitgeevolution of the data and some
form of curve fit must be applied to capture theederatory trend for projection into
the future.

Initially a set of alternative fit options such parametric, log and power fits were
applied by curve fitting software following inspext of the data. The fit type
adjudged to follow the trends in the data bestamheteration of the process was
utilized essentially making the process one ofl talad error and intuition. This
method was discarded because arbitrary fits comeeknowledge of the physical
process, and also because based on interpretdtitre alata at each stage, there
could be a tendency to vary the fit type which disages the convergence of the fits
and consequently of the parameters that are substygwoptimised from them. It
could be the case that where parabolic curves wpeescribed that fitted the
immediate data well; when extrapolated into theireit they failed to represent the
likely path of the variables in any reasonable way.

Aside from these practical flaws, the ethos ofwek was to automate the process
as much as possible and this particular system tlmad much dependability for
success on intuition. Hence a generic fit desogilbiror | as a function of time was
sort that could be manipulated through the optitrasaof its variable parameters to
satisfy the expected range of behaviours. The di derived from a combination of
the focal flame spread model describing flame spra@s a solid ignition process,
coupled with the definition in the literature [70lat the spread rate is equal to the
derivative of the pyrolysis length with respectitoe, i.e.
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_dly
T dt

Equation 24

Equating the two definitions of spread rate théofeing relationship is established: -

dl, _ 4c,[(ck,,0u./1,") (T, =T,) + o+~ G’l,
at 7KL, (T, = Tp)°

Equation 25

Grouping of the constants then transforms this tinéofollowing form: -
dl
—2 =K,[K, +QI *]?
L™ 2
dt P
Which when rearranged gives: -

1
= % zdlp
KK, +Ql,"]

This expression can then be integrated to give tamea complex function of
pyrolysis length (Equation 26) with adjustable paeters K, K,, K3 (introduced as

the constant of integration), Q, and n to be mdatpd to produce the optimal fit of
the time — length data.

K,

2 |1 K
Q1 —K,)

+ K
K.Q'n| 2

(Ql," ~5K,)(Ql," —K,) +3K,Ln(Ql, —K,) +

3

Equation 26

The full derivation of this Equation is given in pendix 2. Ideally the expression
would expressplas a function of time allowing the pyrolysis lemgitt any point in
time in the future to be calculated directly bue tbtomplexity of the expression
makes this impossible (at least for this mere nhpatad thus the function is used in
this form.
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Equation 26 is thus used in the given form to fthd optimum fit of time as a
function of pyrolysis length for the current isatimedata rather than pyrolysis length
as a function of time as was previously the cagbk thie linear fit. The same fit shape
is also applied to find time as a function of flakeagth given that the same model
should be applied to both length data accordinthéojustification given previously
(Section 5.3.2.1). The fitting process itself isdmausing commercial curve fitting
software optimising the fit with a least squareghnod. The fit can and has also been
made using a Genetic Algorithm. For this appliaatithe curve fitting software was
chosen over the GA on the basis of speed of coripnjataking far less
computational time and effort to derive a good Mib comparison of the quality of
fits derived by the two methods is made here.

5.3.2.4 Flame Temperature and Ambient Flow Velocity

Two constituent parameters of the term expressiagonvective heat flux from the
flame to the surface are the flame temperatufediid ambient flow velocity ).
Both of these quantities have measurement techsicassociated with them.
Inspection of the u data produced by the PIV system shows that, dusach
experiment, there is very little variation in thagnitude of this parameter and thus a
constant value is considered to represent this sldfeciently. The value supplied to
the model is thus simply an average of all datatsdrom the current data set.

The flame temperature is taken from the measuresroiduced by the gas phase
thermocouples. These thermocouples are close texthesed surface of the PMMA
and are assumed to be measuring flame temperahee they are enveloped by the
flame. Before a choice of temperature can be nthéeeadings that correspond to a
thermocouple within the flame must be segregatexh fihe others. The process that
isolates the desired data makes use of the fit nadiee flame length data. For a
thermocouple to be considered within the flame, ftame tip must be higher than
that thermocouple. By substituting the height @& thermocouple into the fit model
(Equation 26) in place of, ltogether with the values of the adjustable pararaete
(K1, K2 etc.) produced by the fit of the flame lémgdata, a value of time
corresponding to the flame tip arrival at the thecouple is derived. This process
works equally well for the linear fit when the médEquation 23) is rearranged to
make t the subject.

A representation of this is shown in Figure 5.5clEdata point style represents a
different thermocouple with the corresponding heigilown in the legend. As the
flame tip reaches the height of the thermocoupk dhta changes from grey to
coloured. Only coloured data is considered as anpiadly valid flame temperature.
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Figure 5.5 -The plot shows the gas temperature measurementshavérst 60s.

The readings are only considered for the measureome the sensors themselves
are within the flame. The height of each thermo&®apove the ignition location is
shown in the legend.

When the data points produced over the entire duraff the experiment are viewed
as a whole, a distinct and consistent trend is robge As the thermocouples come
into close proximity with the flame, the readinggey produce rise and level off to
form a plateau. The magnitude of this plateau mswoeably consistent for all
thermocouple readings in an experiment. A samplelath showing this trend is
shown in Figure 4.54. This trend implies that teenperature of the flame is
essentially constant and is represented by theevatuwhich this plateau occurs.
Thus the flame temperature is calculated and ptedd¢a the model as the maximum
temperature measured by a thermocouple adjudgeel wothin the flame.

5.3.3 The “Unknown” Parameters

The ideal scenario would be that all parameterhénmodel fall into the “known”

category, that is, that they are either pre-defimesstants (such as material
properties or universal constants) or measurabtanpeters. This scenario would
remove much of the uncertainty and calculations@ated with the production of a
prediction. As this is not always practical or pbks some parameters remain
unknown once all data has been pooled and thestanding parameters must be
estimated by some means. The method by which s@ramgters are optimised is
dependent on the earlier assessment of the comslitd the flame, much as the
choice of fits applied to the length scale data.wasall cases the method of
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optimisation aims to use as much information fréwe data and literature as possible
to remove as much uncertainty from the resultingesas possible.

5.3.3.1 Spread Rate

An estimation of the evolution of the spread raterothe time interval being
analysed is required in order to optimise the ramgi unknowns. The spread rate
can be established from the pyrolysis length dataguthe relationship described in
Equation 24 provided that there is no burnout atfthmes leading edge. When the
base of the flame remains stationary, the ratehainge of the pyrolysis length
corresponds to the rate at which the pyrolysistffmogresses. The spread rate is
derived from the fit as opposed to the data itaslthe isotherm data points are too
sparse and/or noisy to get a good approximations Thnsequently makes the
success of the process more heavily reliant onibtaa representative fit of the
pyrolysis length data. The process applies equadlyto the linear and curve fits.
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Figure 5.6 -The plot shows a fit applied to the pyrolysis léndata (in red) and the
subsequent spread rate derived from it (in blue).

5.3.3.2 Length Scale Relationship Parameters

The values of pyrolysis length and flame lengthratated by the parametersand
n according to the correlation defined in Equation
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n

I, =c]l,

Equation 10

When the flame is adjudged to be laminar or traorging towards turbulence but
still showing steady linear growth, a linear fitapplied to the pyrolysis and flame
length data. The parameteraan be found directly from the ratio of flame léngp
pyrolysis length (Equation 27) as n is adjudgeddanity (=1) for a laminar flame.

l f
p
Equation 27
The plot of ¢ in time derived from this ratio shows convergeaonea single constant
value (Figure 5.7) as the initial conditions becdess influential on the ratio. This

value is taken as representative pand used to populate the physical model for the
laminar, linearly evolving flame regime.
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Figure 5.7 -The plot shows the value of @reen line) resulting from the ratio of
flame length (blue line) to pyrolysis length (rede). The value converges on a
constant value which is used in the subsequenigireal.
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When the flame has become turbulent and the radidtiom it has become the
dominant mechanism of heat transfer ahead of #medlfront, the spread velocity is
seen to accelerate and a curved fit is used taidedbe length scale data as outlined
in Section 5.3.2.3. In this case the parameter motsautomatically fixed as unity
(=1) as for the laminar flame, and the values pfied n must be established in
unison and by a different method to that describbdve for a linear growth
situation.

The curve fits applied to the flame and pyrolysisdth data (in Section 5.3.2.3) are
used as part of an optimisation to determine theegaof the parameters and n as
represented in Equation 10. In this case thereoalg two unknowns and these
unknowns have limited ranges. These ranges casdignad from a combination of
the literature (See Section 2.1.4) and the expetiah@lata. A “brute force” method
(described below) is used to find the optimum valokeach parameter based within
these ranges. The optimum is defined as the conntamaf ¢ and n that minimises
the difference between the flame length line fil #ime line produced by applying the
values of n andto the pyrolysis length line fit according to E¢oa 10 i.e. by
minimising the value of y in Equation 28 under tanstraints of the ranges of its
constituent values: -

y= J'ttot | f, fit (t) - Czl p, fit (t)n

Equation 28

The value ofgrepresents the time at the beginning of the ctidata set from which
the fits were made. This could be either the tihggition of the experiment or the
time at which a change of conditions was adjudgelaatve occurred (see changes of
conditions 5.3.1.1). The value Qffentrepresents the time at which the optimisation
is being made. The optimal values gfand n are found by a “brute force” method.
This means that all possible combinations (witlgason) of the values of and n
from their respective ranges are applied to thelggis length fit as per Equation 28
and a value of y is found for each and every coatibn. The combination that
produces the minimum value of y represents therapt.

The crux of this method thus relies on a good d&m of the ranges of the
parameters. If the bounds of the ranges are tdu, tipe optimal solution may lye
outside of them and thus may never be discovefedn lthe contrary, the bounds are
too distantly spaced, the number of computatiorst tmust be performed to
adequately cover the search space using a brute forethod may make this
technique unpractical. A practical set of boundstlhi@se parameters can be defined
however through a combination of previous resutimfthe literature and analysis of
the available experimental data.

Data for the parameter n is available in the lite (listed in Section 2.1.4) where

values are reported ranging from 0.66 to 0.8 fdky fturbulent flow and 1.0 for
laminar flow. For this work these bounds are widktoeallow the process to explore
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the possibility that a good solution could lie edésof the conventionally accepted
values. The upper bound was set at n=1.5 and tier Ibound at 0.5. If the values
for the optimum solutions converge on these boundalues, it will indicate that the
optimum result most likely lies out with these bdsnand that they should be
widened further still. If the solution convergesthim the conventional 0.66-0.8
range then this would give added confidence thatpttocess is working. Given the
fairly linear nature of the small flames in mostloése experiments, a value closer to
1.0 would seem acceptable.

The bounds of the,arameter are set using a combination of the owheh and
the maximum and minimum values @fd and {s. According to Equation 10, the
value of ¢ shifts the value of,! to that of {. Using this relationship and given that all
of the values ofyls and {5 are known, the largest value thatoould need to be to
cover all possible eventualities, and thus the vppmund for this value in the
optimisation, is given by the largest value pfthe smallest value of, land the
smallest possible value of n (n=0.5) applied todigun 29. The minimum bound is
given by Equation 30.

f ,max
C2,max Nin
I p,min
Equation 29
I f,min
C2,min = , Ninax
l p,max
Equation 30

A set of candidate values of and n are then produced that substantially andlgve

cover the range between the upper and lower boualisilated for each of the

parameters. Every combination of the candidateegbf the two parameters is then
applied to Equation 28 and the value of y for eagimbination is logged. Once all

combinations of the candidate parameters have pe@essed, the combination that
produced the smallest value of y is taken as thienojn.
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time of optimisation (s)

Figure 5.8 —The plot shown the evolving optimisations of ¢hand n parameters
during an experiment where a transition to turbwerccurs. Linear fits are applied
until 300s post ignition when enough data is av@#gato demonstrate that a change
of conditions has occurred and the fit type swiscteethe turbulent curve fit.
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Figure 5.9 —The plot shows the comparison of the parameterivet:from

different components of the optimisation procebg. Jreen line represents the value
optimised from the curve fits as described. Thearsdiblue lines represent the
output from the line fits applied to the pyrolyarsd flame length data respectively.
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time of optimisation (s)

Figure 5.10 —The plot demonstrates the similarity between thiavel@ value of n
and the average of the values derived from theectitsy shown in the previous figure
(Figure 5.9).

Figure 5.8 —shows an evolution of the n apgharameters for a larger scale vertical
upward flame spread experiment. Each data pointhenchart corresponds to the
result of an iteration of the entire process balegcribed. From the first iteration
which takes place using data up to 100s post @nitb the iteration comprising data
to 300s post ignition, the flame is behaving lilgaThe value of n is fixed
automatically at 1.0 and, ¢s derived as the ratio of flame to pyrolysis léngs per
Equation 27. The outputs of the optimisations dis period converge. Post 300s
the curve fit is used to describe the data andbtiuge force optimisation method
described above is employed to evaluate the paeasigdnce again the parameters
can be seen to converge, almost immediately onch falue.

The resultant values of these constants, espedmllye case of ¢ are sensitive to
the quality of the fits from which the constantg aptimised. If the fits do not
adequately represent the data, the parametersedeiiom them will not represent
the experiment. If the fits fluctuate significantbetween iterations, so will the
constants. The flame length data is numerous, dmi@ Wt can be noisy, it generally
provides a robust fit with a low level of fluctuati. The pyrolysis data by contrast is
sparser and a single lagging reading by a badlitiposed depth thermocouple can
affect the shape of the fit more so than a single \mlue of flame length data. Thus
a fluctuating or non convergent and or n value output is likely to be the restilao
fluctuating or non convergent fit to the pyrolylsgth data.
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The derivation of the curve fit shape describediezamvolved the grouping of
constants for ease of calculation to form an e)gioesthat was then integrated. The
result was the complicated expression shown by fitmu&®6 that expressed t in
terms of Ip and some adjustable parameters. Thdisstable parameters are the
grouped constants and one of these values is ns, T@ach time a curve fit is
produced a value for the n parameter is also pexiuthe three values of n (one
produced by the brute force optimisation, one lgyfthto the flame length data, and
one by the fit to the pyrolysis length data) prastlicduring the same experiment
from which the values displayed in Figure 5.8 werawn, are compared in Figure
5.9 —. The plot shows how the values obtained fitoarfits track the optimised value
fairly closely. The average of the n values remgltirom the fits can therefore
represent a viable alternative method of derivingThe average of the n values
produced from the curve fits is compared to thénaiged value in Figure 5.10.

5.3.3.3 Heat Flux and Constituent Parameters

The final unknown parameters that require optinosain order to fully populate the
model all constitute values pertaining to the lileet from the flame to the unburned
surface. Assessment of this heat flux is complek as/olves the resolution of the
total flux to the surface into its constituent ceatrve and radiative portions. While
the definition of total heat flux to the surfaceaasingle term might suffice if the aim
of the work were simply to predict the spread natehe future, it is necessary to
have this distinction when considering the rea ktenarios in which this process
could be used. If the overall aim of the processoibetter predict a fire growth
which requires the accurate prediction of secondlgmition of surrounding items,
then the correct proportions of heat transfer bydoation, convection and radiation
to other items in the rooms is essential. The &yl of the heat flux into its
constituent parts is achieved through the exploitabf knowledge of the dominant
heat transfer mechanisms in the flame in its vargtates (laminar and turbulent) of
growth.

When the flame is laminar, the literature [17][59]] tells us that convective transfer
to the unburned surface ahead of the pyrolysist fi®the dominant mechanism of
heat transfer and the levels of radiative heat fituthe surface from the flame can be
considered negligible in comparison. Indeed exatitnaof the data from the thin
skin calorimeters confirmed this as shown in Sectial.3.3. The initial iterations of
the prediction process generally take place undemirlar conditions with a small
flame and as such represent the simplest condatitimrespect to heat flux. This can
be exploited to obtain an accurate assessmeneatdhtributions of the convective
and radiative components of heat flux from the #anm these early stages the total
heat flux to the surface can be considered entaslgonvective and the terms for
incident radiation and re-radiation can be negbedBy eliminating these terms from
the model, the total heat flux to the surface gregsed as: -

o7 = (ck,p,C,u, /1,)*(T =T,)
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Having already established all other quantitieghis expression and thus in the
model, the only parameter remaining undefined.i8eing the only unknown value
it can be solved for directly by rearranging th@ression of the flame spread model
(Equation 14).

In turbulent and transitioning regimes, the radiaeat flux to the surface will
become significant and an accurate estimation sofmagnitude and how it varies
over the course of the experiments is requiredraemto make an accurate and
complete prediction. As stated above, all otheapaters in the model have been
established by other means, thus the total heatdlthe surface can be solved for by
rearranging Equation 11.

— 4C2[q’s,]2|p
f lkspscs (Tp _TO)2

Equation 11

The total heat flux must then be broken down i$oconstituent parts. These are
shown in Equation 5.

n o __ n n n n
qs - CIconv + qfr + qe - qrs

Equation 5

In these experiments there are no significant aatesources of heat flux so this term
can be neglected. If the terms representing ragidteat flux are grouped to give a
term for net radiative heat flux to the surfacey&iipn 5 can be reduced to: -

no__ N "
qs - qconv + qr,net

/)
r,net
derived from one equation with two unknowns. Théutson to this problem is
achieved by making the assumption that the valueg @mains more or less constant
throughout the experiment. Having established theesof ¢ early in the process
when the entire quantity of heat flux to the suefagas convective, and having
derived the other constituent parameters of thevextive heat flux term by
measurement or prior definition of the values, tignitude of the convective heat
flux throughout the remainder of the experimerdeemed to have been established.
Thus the net radiative fraction of the total hdak fcan be found by deducting the
convective fraction from the total. This can be eleovith confidence of obtaining an
good answer provided that the value of is accurate. Confidence that a
representative value has been established,foart be gained when the value of this
parameter remains constant or converges in thalitérations of the process during
the laminar stages of the experiments.

Thus the only remaining obstacle to be overcomthésfact thatq must be
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Having derived the net radiative heat flux to theface, the incident portion can be
defined by the expression: -

noo__ an "
qrf - qr,net qrs
The re-radiation term is expressed as: -
"o o_ 4 _ 4
g, =os(T, -T.)

The surface temperatureg[Ts not directly measured, but is known to varyween
T, and T where § = T.. Thus the radiant heat flux from the flame to sheface can
be expressed as a range by the following expression

O —0e(T, -T.)<q; <q

r,net r,net
Equation 31

This result hinges therefore on the assumption thatemains constant for the
duration of the experiment which must be justifiéd discussed, the literature
[17][59][71] suggests that while the flame is laarinit is dominated solely by
convective flux. When the flame regime transitisogurbulence, the lower portion
of the flame still maintains a laminar regime beawgnturbulent higher up in the
flame (Figure 5.11). This suggests that the donirfegat flux mechanism for a
turbulent flame may vary throughout the height lué flame, being dominated by
radiation where it is distinctly turbulent but miiming a laminar convection
dominated regime in the region immediately aroural gyrolysis front. Toward the
end of the experiments when the pyrolysis frontlgse to the top of the PMMA
slab, the turbulent region is no longer contribgitin the heating of the final portion
of unburned PMMA and convection once again becothes dominant heating
mechanism. The laminar / turbulent nature of adangll flame can be observed
visually from images (Figure 5.11).
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Figure 5.11 —The image taken from a web camera and used to meefiame length
shows the transient behaviour of the larger flaanore laminar region exists at
the bottom (below the line) becoming more turbuleith height (above the line)
through the flame.
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Figure 5.12 -The plot shows the evolution of the total heat tluxhe unburned
surface (green line) at the final step of the opgation process along with a
comparison of the breakdown of the individual cative and net radiative
components (red and blue lines) estimated by thgramme.
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The assumption that the value qfremains approximately constant throughout can
be demonstrated by performing this methodologyf d@isei flame remained laminar
throughout the entire experiment. When the flamdaisinar, the methodology
assumes all heat flux to be convective and asstimeeset radiation to the surface to
be negligible. Thus, the original expression faakdeat flux to the surface: -

no__ n n n n
qs - qconv + qfr + qe - qrs

Can be expressed simply as: -

no__ N
qs - qconv

And the flame spread model becomes: -

— 4C2[(C1kgpgcpuoo)%(-rf _Tp)]2
f stpscs (Tp _TO)2

Equation 32

When this methodology is carried out with this @ten for a larger experiment
which makes the transition to turbulence, the vabbained for ¢ follows the
evolution shown in Figure 5.13.
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Figure 5.13 -The plot shows the evolution of theparameter (right hand axis —
green) when the model is forced to consider thmdlaas laminar. The pyrolysis
length data (left hand axis - red) illustrates thpewth of the flame over the same
period of time for comparison.

In the initial stages of the experiment the flamselaminar and thus the model
described above in Equation 32 can be considerptbppate at this point in the
experiment. By extension, the value of which is converging on a value of
approximately 9 to 10, and which is obtained udimg model can be considered
reasonable. The flame then goes through a periegadleration which corresponds
to a turbulent regime. Throughout this period, thdiative heat flux from the
turbulent flame accounts for a significant portafrthe total heat flux. The total heat
flux in this period must be greater than in theiahiperiod characterised by laminar
flaming as the flame is spreading faster. Thisue tb the extra radiative heat flux
from the turbulent flame adjacent to the unburnadiase. The model in Equation 32
therefore is no longer valid and the value ptan be assumed to be incorrect. Near
the end of the experiment when the pyrolysis fiemearing the end of the PMMA
sample, the region of turbulent flaming is no langdjacent to the little remaining
unburned PMMA. At this point the spread rate daedés. Figure 5.13 shows that
the pyrolysis front nears the end of the 500mm PMB&b at approximately 600s
post ignition. Figure 5.14 shows the correspondiagne length data. The increased
density of data points in this data shows the endre clearly. At 600s the growth
rate of the flame can be clearly seen to be deatghgr This deceleration is attributed
to the loss of the radiative heat flux as the portdf the flame that it is associated
with has moved beyond the top of the PMMA slab. Tkating regime is now once
again dominated by convection as the flaming inttbating region {) is laminar in
nature and the model in Equation 32 is valid onoeemThe corresponding data is
now valid again and is seen to be converging oaritgnal value.
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Figure 5.14 -The plot shows the sameteend as in Figure 5.13 this time compared
to the flame length data. The greater density of dlata demonstrates more clearly
the pattern of the growth corresponding to the vadar of G.

In the two regions, at the beginning and end ofekygeriment, where the model is
valid and it is believed that the heating is dortedaby convection alone, the value
of ¢, appears to converge on a similar value suggesiiagit remains reasonably
constant throughout the experiment. Given a sinmalaalysis, results from other
experiments also show a similar result.

5.4 Prediction and Convergence

Once the data is collected and correlated, the amkrparameters established and all
parameters of the model established, the spreadigahen forecast forward as a
function of the pyrolysis length to establish whbe pyrolysis front will reach the
end of the slab, and what the size of the flamelewel of radiation from it will be.

In the case of a prediction made during the lam#stages where the net radiant heat
flux term is discarded, the spread rate model besomdependent of pyrolysis
length and predicts a continuous constant valugepgcted in Figure 5.15. As more
data becomes available from the sensors, the agcofahe prediction and data fits
can be appraised and if necessary re-evaluatedh \aaich re-evaluation the
interpretation of the spread rate from the stathefexperiment or the last change of
conditions becomes more accurate and convergeatsdime convergence is seen for
the curve fits (Figure 5.16) although in this cake predictions are no longer
independent of the pyrolysis length.
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Figure 5.15 —The solid lines in the plot represent the spreatg faom the start of
the experiment to the time of prediction give i tegend. The dashed line
represents the forecast forward in time based endhta gathered and trends seen
up to the present time.
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Figure 5.16 -The solid lines in the plot represent the spreai® faom the start of
the experiment to the time of prediction given e tegend. The dashed line
represents the forecast forward in time based endhta gathered and trends seen
up to the present time.
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5.5 Worked Example

To demonstrate the process more clearly, an exampteade using Experiment 1.
This experiment is an imitation of the benchmarkerkment, with a 200mm long,
40mm thick, PMMA slab positioned with the exposade vertically orientated.

5.5.1 First Iteration

The raw sensor data is collected, transformed ant@ppropriate form and collated
chronologically at 60 seconds post ignition. Traarfé length data (Figure 5.17) over
the first 60s shows a reasonably steady linear tjrovihe pyrolysis length data (also
Figure 5.17) at this stage contains just two regalinThe PIV ambient velocity
measurement () contains only one reading and this is taken psesentative of the
entire time step. The gas phase temperature datansim Figure 5.18 shows the
readings for all five of the gas phase thermocaiplée programme only considers
readings from thermocouples that are currently oelloe level of the top of the
flame (shown in colour). All other readings (shoiwrgrey) are discarded. The value
of flame temperature is taken as the maximum singlee of those in consideration
i.e. taken within the flame. At this stage the thkin calorimeters do not show any
significant incident radiant heat flux.
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Figure 5.17 —The plot shows the pyrolysis (Ip) and flame (Ifjgh data collected
over the first 60 seconds of the experiment.
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Figure 5.18 -The plot shows the gas temperature measuremeetstw first 60s.
The readings are only considered for the measuremece the sensors themselves
are within the flame. The height of each thermot®apove the ignition location is
shown in the legend.

With the data correlated and displayed, a deciswist be made as to whether the
flame is laminar or turbulent so that appropriaits find suitable optimisation
techniques can be applied. Inspection of the fldemgth data indicates a steady
linear growth. The flame is also still less thar02®n in length and the level of
incident radiant flux is still negligible so theafhe is deemed to still be laminar and a
linear fit is applied to the length scale data show Figure 5.19. The future data,
unavailable to the model at the time of predictimmalso shown in this plot to
demonstrate the overall accuracy of the fits a Htage given the data available to
them. From these fits, the value of theparameter can be derived from the ratio of
the two according to Equation 22 and shown in Feduf0. The value converges as
the influence of the initial conditions reduces ahé final value is taken as a
constant to represent the period since the begofithe experiment. With the trend
of the pyrolysis front evolution established, tipeesd rate over the initial 60s of the
experiment can be estimated from the gradient isf lthe and is shown in Figure
5.21 as a continuous line.
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Figure 5.19 —The flame is deemed to be laminar over the firstéibnds so a linear
fit is applied to the length scale data. The dataikble to the model is shown in
colour on the plot with future data ghosted. Thé&tetb line represents the fit to the
flame length data and the continuous line theofiihie pyrolysis data.

The final set of optimisations concern the heat tilo the unburned surface. As the
flame has been deemed fully laminar and the thin s&lorimeters indicate there is
no significant radiant heat flux from the flame,lythe convective component is
considered which leaves as the final unknown of all parameters neededttier
flame spread model. With all other parameters éstadal, the flame spread model is
solved for this value. With the evolution of almg variant parameters and all
constants established, the spread rate is forémagard in time. In the case of this
first iteration the spread is independent of theetivariant values and is simply
forecast as a constant in time (Figure 5.21).
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Figure 5.21 —The plot shows the spread rate estimated fromriti@li60s of data

and the prediction resulting from it.



5.5.2 Condition Change and Transition to Turbulence

At the beginning of each iteration, the levels adliant heat flux measured by the
thin skin calorimeters are compared to the convecheat flux derived by the

parameters optimised in the previous step. Aslthereading from the calorimeters
is averaged from the meters believed to be betwseiflame tip and pyrolysis front

and thus requires knowledge of the position of eadr the time step, the fits to the
length scales from the previous step are used awige the radiative flux data.

Figure 5.22 shows this comparison at the starthefthird iteration at 120s post
ignition. The levels of radiative flux have becommmparable with the convective
flux, and thus can no longer be considered nedégib

Inspection of the evolution of the parameter at each iteration up to this stage shows
that it has remained steady which gives confidetic its value is a good
representation of the experiment. Its most recahtevis then fixed for the remainder
of the process to avoid over-estimation in subseqiterations as the heat flux can
no longer be attributed solely to the convectivfl
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10000+
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Figure 5.22 —At the third iteration the level of incident radiaheat flux becomes
comparable with the convective flux establishedh wie optimised parameters from
the previous iteration. This indicates that thenfa has begun to transition to
turbulence.
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Figure 5.23 —Inspection of the flame length data at the fouténation indicates a
change of growth rate beginning approximately as@bonds post ignition.

At the beginning of the fourth iteration, a trendange in growth of the flame
becomes apparent (Figure 5.23). Despite the changgowth rate appearing to
originate at approximately 75s post ignition, thentl is only obvious given data to
150s. With the flame approaching 200mm and levélgdiant flux increasing, a
transition to turbulence is deemed to have beguhdata from before the change
corresponding to the strictly laminar phase is alided as not representative of the
current regime. The remaining data highlighted iguFe 5.24 is taken forward to
form new optimisations based on the data though¢poesent the current flame and
spread conditions. Initially the data appears lingdh the resultant fits shown in
Figure 5.25. As more data is accrued the flametledgta indicates that the flame is
accelerating and from this point onwards, the a@eficurve fit is applied (Figure
5.26). With a high data density, the fit to therflalengths converges quickly while
the fit to the sparser pyrolysis length data tdkager (Figure 5.27).

With the fit regime now using the curve form, thethrod of ¢ optimisation must be
altered and the n parameter included with it asmigsd in Section 5.3.2.3. With the
upper and lower bounds of n, and the lower boung pfescribed, the upper bound
of ¢ is found by maximising its value using an apprajgiform of Equation 10 with
the maximum value of Bnd minimum value of,ltaken from the fit results and the
lower bound value of n. An equally spaced rangeatifies of ¢ and n are established
between their respective bounds and every combmaii the two is applied to the
latest pyrolysis length fit. The combination of th@rameters that produces the best
match to the flame length fit is selected.
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Figure 5.24 —A decision is made at 150s post ignition that aditbon change
occurred approximately 75s post ignition. Data framefore this time is discarded

and only current data (in blue and red) is used tbe next set of fits and

optimisations.
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Figure 5.25 —The plot shows length data fits for the first twerations following the
detection of the change of conditions in comparitoithe last fit prior to it. The

coloured data represents the information availatdehe programme when making

the new fits.
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Figure 5.26 —The relevant flame length data, post regime chabggins to show
500

signs of acceleration prompting a change to a ctitve
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density of data points the fit to the flame leng#ita converges almost immediately

subsequent steps following the perceived changa fioear growth. With a high
whereas the fit to the pyrolysis length data tdkeger due to its sparse nature.

Figure 5.27 —The plot demonstrates the evolution of curve fippliad in the
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5.5.3 Reassessment and Convergence

As more data becomes available to the programnseptiticess can be repeated to
check the accuracy of the fits, optimisations anedtion. If the output of the
previous loop is found to be outside permissiblele of accuracy, it is replaced by
the output of the latest loop. The data is alsackbeé for indications that the flame
has changed in nature i.e. from laminar to turbulen that the environmental
conditions have changed in a way that is effediivegspread rate or characteristics of
the flame in such a way that necessitates the ak+ation of parameters pertaining to
the flame such as the heat flux from it and exgbetdagth etc. At each iteration,
providing there has not been a major change initond, the optimised parameters
and fits should converge if the physical charastes of the experiment are being
correctly measured and representative fits applied.

5.5.3.1 Length Scale Fits and Related Parameters

Examination of the evolution of the n angdparameters in Figure 5.28 demonstrates
the changes to each parameter as the flame tarssitorm laminar to turbulent and
the style of data fit changes accordingly. Durihg tnitial phase of linear fits, n is
automatically set at n=1 but is subsequently evatbaipon the change to curve
fitting where it converges quickly on a value opapximately 0.68 which is in line
with the lower end of the conventionally acceptadge given (and referenced) in
Section 2.1.4. Theygarameter is also seen to converge rapidly at stagje of the
process. It remains constant throughout the eantyidar stages and quickly re-
converges following removal of data from the lamimdase. Once the fit type
becomes curved it again converges quickly.

14 4 T 1.4

K e i i T - 1.2

10 ~

T 0.8

c2

T+ 0.6

T 0.4

0 30 60 90 120 150 180 210 240 270 300 330 360 390 420
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Figure 5.28 —The plot shows the evolutions of the n apnpgarameters at each stage
of the iteration process. Both parameters are s&erchange and re-converge
following the change from linear to curve fittedtalaas the flame began to
accelerate.
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5.5.3.2 Heat Flux to the Unburned Surface and Related Paraeters

The measured and optimised parameters relatedetdheat flux segment of the
equation all show good levels of convergence. Timbient velocity (u)
measurement shown in Figure 5.29 is approximatehstant throughout the entire
experiment. The flame temperature;)(TFigure 5.29) also varies little and
approaches a plateau reasonably quickly. Witlixed in the early laminar stages of
the experiment the estimated level of convectiug fb the surface can be predicted
accurately as a function of the pyrolysis lengtbnir the early stages of the
experiment.

The first estimate of the net radiant heat fluxwsdn the next iteration after the c
parameter has been fixed, when the thin skin cakter measurements indicate that
the incident radiant heat flux has become significAs the experiment progresses
the optimised value of net radiant heat flux at PRIMA surface ¢ — o)
converges on a value close to zero shown in Figus8. This is expected as the
experiment is small and the most turbulent aredbeflame are generally above the
top of the PMMA slab by the time they occur. Albe tturvature in the flame spread
data that indicated acceleration was slight.

As a confirmation, the same process outlined inti&2&.3.3.3 where the process
considers the heat flux solely as convective wagierh out resulting in the
alternative ¢ evolution shown in Figure 5.31. If the radiativeahflux is more or less
negligible throughout the experiment then the vatdec; and the subsequently
derived convective flux should be more less eqaalbbth methods. Inspection of
Figure 5.31 shows that the values af remain reasonably similar. When the
maximum difference injcvalues was selected and convective fluxes catdiiom
those values were plotted (also Figure 5.31). Tha® very little difference between
the two indicating that the level of radiant fluowd indeed have been small.
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Figure 5.29 —The plot shows the evolution of measurements ofeainir velocity
(u.) and flame temperature {Tat each iteration. Both remain relatively condtan
over the whole process.
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Figure 5.30 —The plot shows the net radiant heat flux to thenBa(¢q — ¢;) as a
function of the pyrolysis length as estimated k&g ghogramme at each iteration of
the methodology. Prior to the first estimate at 4,20is element of the heat flux was
estimated to be negligible and the flame complégahnar.
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Figure 5.31 —The plot shows the;evolution when the convective heat flux is
evaluated early in the experiment and fixed, in ganson with the value when

convection is forced to represent the net heat futhe unburned surface. The
convective heat flux plots produced by the maxindiffarence between the two at
240s are plotted for comparison.

5.5.3.3 Spread Rate, Predictions and Experimental End Time

The convergence of the spread rate approximatiadseaperimental end times is
essentially a product of the convergence of theolggis length fit. The post
condition change spread rates and predictions laverrs in Figure 5.32 and show
convergence at the same rate and in the same asdbe pyrolysis length fits as do
the predicted experimental end time shown in FiguB8. An accurate answer is
obtained at 270s and remains virtually unchangeaibsequent predictions.
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Figure 5.32 —The plot shows the evolution of the spread ratgsaM predictions
post condition change. There is a clear convergeridbe spread rates derived from
the curve fit and of the predictions made from théhedictions pre condition

change are displayed ghosted for comparison.
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Figure 5.33 —The plot shows the expected time that pyrolysrs frall reach the top
of the vertical slab plotted against the time of fhrediction. This result is entirely

dependent on the quality of the fit to the pyralysngth data.
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5.6 Summary

A comprehensive methodology has been developed thealtes robust rapid

predictions of flame spread by combining sensom datd an analytical physical
model from the literature. The methodology has b#eveloped and tested with the
data from the benchmark style experiments. Foretleaperiments, scenario specific
parameters describing the flame were seen to cgavepidly.

It is believed that the chosen model and methotlsapply equally well to the other
laboratory experiments that have been performedc(deed in Section 4.1). The
versatility of the model means it should be capalbleully encapsulating all of the
expected conditions present within these experisnantl the methodology should be
capable of making accurate spread rate predicaodsdetermining unknown values
through the simple optimisation techniques devised.

The methodology has been developed with the ethtieed=ireGrid project in mind.
It is entirely possible that an automated systesetian this methodology could be
developed and run in conjunction with the labomatexperiments to produce an
accurate and crucially live super real time predictof an upward flame spread
experiment. The next stage in the developmentisfritethodology will be to test its
robustness through the application to other inenghsmore complex experiments.
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6 Application of Methodology

Now that the methodology has been developed linkimg model described in

Chapter 3 to the measurement techniques descnib&thapter 4, the methodology
needs to be tested in order to assess how vergasiland to what range of scenarios
it can reasonably be applied without over-extendimgapabilities. This is important

to prevent over-confidence and future misuse beytndurrent capabilities and to

assess where future work is required both in fumlgeits particular range of

application and accuracy, and with regard to therall’goal of the project to which

this work is linked which is the development ofoaltto aid fire fighters. It may be

the case that the sensing techniques and optionsatiethods that have been
developed are heavily tuned to the benchmark exyeris on which they were

developed and can not be extended further. The etlteeme is that the model and
sensing techniques are versatile enough to beespfi any surface in any complex
compartment fire scenario such as that of Dalm&f@e Test One. An attempt has
been made to leave the methodology as flexible assiple (within the realm of

concurrent flow flame spread) and not to tune a fioely to processes observed in
the initial experiments. An example of this are tieat flux terms in the model which
were deliberately left in a configuration that ablle applied to all concurrent flow
flame spread, rather than being derived furtheddscribe natural convection flame
spread even though this is generally the caseare#periments performed in this
work. It is hoped therefore that the model will &lgle to operate in most if not all

concurrent flow flame spread scenarios. The expartal scenarios carried out to
provide data on which to test the methodology &scdbed in detail in Section 4.1.
They include a reduction in the restrictions placadthe flow around the flame by
the baffles, tilting the PMMA sample over which tflame spread takes place,
lengthening the sample to encourage the onsetlodlent flaming and complicating

the environmental conditions around the experiment.

6.1 Unrestricted Air Flow

The first test of the robustness of the methodologg to remove the baffles that
were part of the initial experiments on which thethodology was formed. These
baffles, based on the design of the benchmark ewpat [29], were intended to
maintain a 2D airflow at the surface. A similartieimue was used by other authors
[59] for larger turbulent experiments. Other thha temoval of the baffles, the setup
was as per the benchmark experiments (as descnib&kction 4.1.2) with an
identical PMMA sample. Figure 6.1 shows the congaog of the cparameter for
this experiment. The parameter, initially appeatmgonverge on what is eventually
the final value, deviates in thé?and 4" iterations. The timing of this deviation
appears to correspond to the slowing in growth otbe flame as it transitions from
a weak and very laminar flame, to a more luminau$ substantial flame. This trend,
shown in Figure 6.2, is seen in all of the verticahclined experiments and occurs
over a short period with flame lengths typicallytmim the range of 100mm to
250mm and corresponds to the start of a transitmrds a turbulent flame regime.
The growth rate in the flame length slows and Edslly characterised by a period
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of noisy data, after which the data appears tdesefhe growth before and after is
usually linear, growing more slowly after the triios.

18’ 777777777777777777 L T - - -0~ T - - - - -~ I
1 1 1 1

16 1 1 1 1
| | | |

| | | |
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Figure 6.1 - The plot shows the;cvalues derived for the initial baffle-less
experiment. As the flame changes from very lamioaa transition phase the
optimised value oficdeviates. When the transition is detected anddéta from
prior to it removed, the optimised values re-cogeer

450 T -----------

400 -

length (mm)

time (s)

Figure 6.2 — The plot shows a typical flame length evolution #orvertical
experiment. In all vertical experiments there iampe in the growth rate of the flame
length for lengths in the range of 100 to 250mm. this particular experiment it
occurs at approximately 120mm as indicated on the p
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The first two values ofi;cshown in Figure 6.1 are produced prior to the ehthe
transition. The next two values are produced ater transition but prior to the
detection of it. Thus the data used to optimise3fi@nd 4" values represents two
different sets of conditions and thus does not peced valid assessment gf ©nce
the transition is picked up and the data removssl pirameter quickly re-converges.
The nature of the growth of the flame in theseyeathges and the subsequent
transition also affects the optimisation of a repraative ¢ parameter. During this
early, more rapid growth phase, the projectionghef pyrolysis length and flame
length data are more divergent. Once the transitambeen passed however the two
sets of data can be seen to parallelise andtiparameter quickly converges. The
data presented in Figure 6.3 gives a very cleaesgmtation of this as the transition
is very abrupt in this case. Up to a time of apprately 80s post ignition, the value
of ¢, will change. Once the data corresponding to the tprior to that change has
been isolated and removed, and sufficient new dasabecome available to allow
the fits to capture the new trends in the data,véilae of ¢ will converge. The £
plot for the experiment whose flame length datshiswn above in Figure 6.2 angd c
parameter in Figure 6.1 is given in Figure 6.4.

450 -
400 -
350
300+
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length (mm)

150 -

100 +

50+

500
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Figure 6.3 - The plot shows a set of pyrolysis and flame lemgtta for a 200mm
long experiment. This data set clearly shows havciiange in growth rate of the
flame length with respect to the pyrolysis lengtithvcause the value of the c
parameter (the ratio of the two lengths) to coneeogce the transition has passed.
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Figure 6.4 —The plot shows the, walues corresponding to the ealues shown in
Figure 6.1 and the flame length plot in Figure 6[2ke the ¢ parameter,
convergence is reached at th8 Beration, once the data from prior to the growth
transition is detected and removed from the opatios process.
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Figure 6.5 —The plot shows the initial fits applied to the léngcale data. As this
data represents the immediate growth phase, thef@ not representative of future
data and thus the parameters derived form themaise not representative of the
future experimental conditions.
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Figure 6.6 —The plot shows the fits made to the length scate da 210s post
ignition and once the data prior to the growth ts#tion has been neglected from the
fitting process. The fits immediately show a muettelo projection of the future data
than the previous ones shown in grey. These fiteegpond to the first accurate
optimisation of g shown in Figure 6.4.

The ¢ values (Figure 6.4) follow the same trend as threesponding cparameter.
Once the data prior to the growth transition whigre flame length and pyrolysis
length are divergent is removed, the parameter exg@s rapidly. This coincides
with the fits themselves converging. The initidl shown in Figure 6.5 shows how
the fits to the initial data diverge and hence gve value that is not representative
of future conditions. When the initial data is rerad the fits almost immediately
change to project the future trends more accurdkegure 6.6) and thus to provide a
base for accurate parameters to be optimised ffmom this stage onwards, the fits
vary very little as the future data only confirntgeit accuracy when it becomes
known to and included in the process. As the pmcesiained linear throughout the
entire duration of the experiment, the parametisrautomatically set to unity (n = 1)
and thus is not an issue.

Two further tests were performed with this sameséut varying the sample, both
in thickness and quality. Firstly the sample thieks was reduced from 40mm to
25mm, with all other variables maintained. The sectest involved a lower quality
PMMA, again 25mm in thickness. This lower grade PMKBad a propensity to drip
and degenerate more quickly then the grade uspteinous tests. Again, there was
an initial growth until a transition to a steadgtstspread upon which the optimised
parameters converged (Figure 6.7).
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Figure 6.7 —The g and ¢ parameters for the thinner samples again show good
levels of convergence. There is also a similargywkeen the values of parameters
between the experiments.

6.2 Tilted Surface

Observation of the flame spread in the tilted ekpents suggests that the model will
be applicable to these experiments. The flame waserged to lye against the
PMMA surface in the direction of spread and was egalty very laminar in
character. Thus the characteristics, especiafligannitial stages when the flame was
smaller, were similar to those of the benchmarkeexpent. The literature [24]
confirms that spread along an inclined surface b@have concurrently above an
angle of 25°. The samples in these experiments werd¢o 30° to the horizontal.
Analysis of the PIV results shows that in termdhef vertical velocity profiles, the
two scenarios are very similar. Figure 6.8 showgpécal vector plot and a velocity
profile for the component parallel to the fuel siad. The characteristics of the
velocity profile are very similar to that of thertieal wall flames presented in
Section 4.2.4.2. This implies that the techniquedus extract the ambient flow
velocity (u.) will still be practicable for this scenario.
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Figure 6.8 -The plot shows results from the PIV measurementhenilted flame
spread experiments. a) shows a vector plot withpibstion of the flame indicated.
b) shows a profile of the velocity component pataib the surface taken from the
pyrolysis zone.

In terms of the heat transfer to the surface, thends observed in the tilted
experiments behaved more or less like laminar fhathes. The results indicate that
the heat transfer to the surface is dominated lyextion for the entire experiment.
The levels of radiative heat flux to the surfacattivere measured by the thin skin
calorimeters for all tilted experiments were nedlg compared to the vertical
experiments (Figure 4.49). As the flames got largevards the end of the
experiments they began to show signs of turbuleAcapple effect was observed
intermittently travelling up the flame, being reded as a turbulent eddy near the
flame tip. The image in Figure 6.9 shows a flamprapimately midway through a
tited experiment. The image is taken just priortihe release of the intermittent
portion of the flame. The rippling effect is alsaptured in this image approximately
half way up the flame. It was observed through é¢hesperiments that when the
intermittent portion of the flame was released @ved more or less vertically away
from the surface thus at an angle of 60° to the PMM

As the intermittent parts of the flame are the nfostinous and therefore the most
radiant portions of the flames, it is believed ttheg extra separation from the surface
in comparison with the vertical flames is partlgpensible for the decreased levels
of radiative heat flux seen by the thin skin catwters. Streamline plots (shown in
Figure 6.10) show that as the turbulent ripplessptsough the flame, flow
conditions near to the surface remain reasonakbbdst As the flame nears the end
of the experiment it begins to show a more turbiuhetture however by this stage the
turbulent section of the top of the flame has grdwegyond the length of the sample
and thus no acceleration is seen in the results. cbmditions of the flame at this
stage are shown in Figure 6.12.
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Figure 6.9 - The image shows a medium sized flame in a tiltgererent. The
image is taken just prior to the point of separataf the intermittent portion of the
flame. The flame length as would be measured bynhge processing software is
denoted byl The intermittent part of the flame pulls awaynfrthe surface and rises
vertically. The persistent part of the flame rensamext to the surface.
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a) b)
Figure 6.10 - The streamline plots in the figure are both takeonf tilted flame
spread experiments. a) shows a typical streamlioé fpom the laminar pyrolysis
region and b) shows the effect on the flow whemrlautent ripple travels along the
flame. Close to the PMMA surface (positioned apipnately at y = -10) the flow
profile is not affected greatly. (All dimensiongan mm)
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Figure 6.11 -The image from the PIV cameras demonstrates howthmosity of
the tilted flame increases towards the flame tipe Teading edge of the flame is
marked by the red line and the direction of flondapread is indicated by the
arrow. At the flames leading edge where the flowasy laminar and far less
luminous the flame does not register on the shqvbsure. The flame becomes more
turbulent and subsequently more luminous furthevrtkiream.

Figure 6.12 —The image shows the conditions of the flame atete of the
experiments. The flame has become more turbulamture however this portion of
the flame is situated beyond the end of the slabthns does not affect the spread
rate. (The approximate position of the top of ttad $s indicated by the black dotted
line)
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Figure 6.13 —The plot shows the evolution of the fit to the pygis length data. The
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Figure 6.14 —The plot shows the evolution of the fit to the #dength data. The fit

converges after approximately 200s.
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Figure 6.15 —The plots show the convergence of a) thparameter and b) the,c
parameter for a tilted experiment.

tirne of arrival

1 s ] S e

] SR S S SRS SRS S—— -

1}
o 100 200 300 400 500 600
time of prediction {s)

Figure 6.16 —The plot shows the evolution of the predicted entk tof the
experiment. The prediction converges quickly angk thives approximately 300s
lead time as to the end time of the experiment.

In terms of the prediction of spread rate, the adenpresented by the tilted flame
spread experiments represents fairly simplistic ddons. The spread rate is
essentially constant and the rate of convergenddeiparameters concerned with
this scenario is only limited by the rate at whigotherm data points become
available and thus the fit to this data becomeadst¢Figure 6.13). The flame length
data which usually provides the greatest insight iconditions in the experiment
shows that the flame growth is very steady overdim@ation of the experiment. The
fit to the flame length converges rapidly (Figuré4 as do all optimised parameters
(Figure 6.15 and Figure 6.16). The methodologyeisnded to be more than capable
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of providing an accurate prediction of this scematdiike the previous set of
experiments, a variety of PMMA samples were testedhis configuration. All
samples were 200mm in length, but as before, tlewses of the samples varied
between 40 and 25mm, and both the lower and higreete PMMA was tested at
25mm thickness. The results showed equally linpaeasl and the methodology
performed equally well for all samples.

The transition in the flame length growth seen rtyem the vertical experiments is
more subtle and prolonged in the tilted setups khiought that this is in part due to
the slower rates of spread and thus growth of tegperiments, and also due to the
nature of the definition of the flame length. Agiiie 6.9 shows, the flame length is
defined as the longest length parallel to the &ugface for the purposes of the
model. The characteristic of the flame in this ghas more turbulent and is
exemplified by intermittent buoyant plumes whicberiat an angle from the surface,
thus the length defined in the model is not alwidngstotal length of the flame. This
factor can therefore disguise somewhat the truevthraof the flame in a more
turbulent regime.

Caution should be taken when considering the ealatipn of this result to the
bigger picture of, for example, a compartment Soenario. There is the potential
that during this process, information is lost ash® potential effect of the flame on
the surroundings. The radiation from the flame ibhaeen by the PMMA in this case
is small and thus neglected in the model. This dussnecessarily mean that the
level of radiation from the flame to other itemglWwe as insignificant. Linked to this
is the assessment and prediction of flame heighiei\the flame is larger as pictured
in Figure 6.12 the turbulent eddies which accownttfie most radiant parts of the
flame are actually angled with respect to the sexf#\s described above, the length
of the flame for the purposes of heat transfeh&durface in the flame spread model
is different to the actual length of the flame. Tfa@ameters optimised in this process
are specific to the goals of the flame spread m®@nd can not necessarily be
extrapolated to a wider picture.
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Figure 6.17 —The images show the highlighted patterns of thdisgeparticles by
the laser during measurements by the PIV system.

6.3 Transition to Turbulence

The purpose of the larger experiments was to testnbethodology’s ability to

capture the characteristics of a turbulent sprepdlame. In Section 5.3.2.3, the
derivation of a curve fit designed to capture trend of an accelerating spread
process was described. The previous smaller sarnifdesvere tested did not provide
sufficient height for the spread to develop intdully turbulent regime and thus

could not be used to assess the capabilities sf dBpect of the methodology.
Towards the ends of some of these tests the flappsared quite turbulent so the
height of the sample was increased from 200mm f@rB0 to provide conditions

conducive to turbulence.

In the first example, the initial iterations of theethodology were performed when
the flame was smaller and laminar. In these itensti a linear fit was applied to the
data, and the fits and optimised parameters cordevgry much as the benchmark
experiments did. The plot of the parameter in Figure 6.18 shows convergence up
to 300s. Other parameters and fits showed simidavergence. Iterations performed
after 300s were performed using the curved finapection of the data available to
the model at that time showed a slight acceleratoepd. By this stage the; c
parameter had been fixed and the model was optigniie values of,cand n as
well as the net radiant heat flux to the surface.

From the time of change to the curve fit form oé timethodology, the optimised
length scale parameters,and n, no longer converged on a single value asigad
alternated between two alternative regimes. Thghmwn in Figure 6.18 for,and
Figure 6.19 for n.
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Figure 6.18 -The plot shows the evolution of theparameter over the duration of
an experiment. When the flow is laminar and a lini#tais applied up to 300s, the

value of the parameter converges. When a curvs éipplied to the data post 300s,
the value of the parameter alternates between &lweg. (Corresponding data for n

in Figure 6.19)
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Figure 6.19 -The plot shows the evolution of the n parameter thesduration of an

experiment. When the flow is laminar and a lineaisfapplied up to 300s, the value
of the parameter is fixed at 1.0. When a curves féipplied to the data post 300s, the

value of the parameter alternates between two gl(@orresponding data for, ¢n

Figure 6.18)

145



The results of thep,cand n parameter optimisations show two competoigtions
with the results at each iteration falling into cs@ution or the other. (For ease of
description they have been separated into red kol#,as depicted by the colour of
the lines approximating their trends in the plo¥hile this duel solution situation is
not an ideal scenario, it does at least show d l#veonvergence, with two distinct
solutions rather than random scatter.

The n value was compared to the other n valuesatteaproduced as a result of the
curve fits of the flame and pyrolysis length dateg(re 6.20). Both values of the
adjustable curve fit parameters converged. Furtheore the convergence
corresponded to the red solution. Further analys@wvs that the cause of this ‘bi
convergence’ is related to the behaviour of theetit to the pyrolysis data. Figure
6.21 shows the plots of the fits made at eachtitaraThe lines tend to fall into two
distinct trends much like the values of and n, (again depicted by red and black
dotted lines) and furthermore the groups matched.

When the line fits are compared with the entirdemtion of isotherm data from the
experiment, the fits corresponding to the red smhutatched the later data most
accurately. The fits corresponding to the blackusoh showed a much slower
growth. This characteristic of this later grougfits is due to ‘lagging’ thermocouple
readings when the bead is too far from the surféace poor thermal contact with the
PMMA, with the result that the time associated witle arrival of the isotherm is
later than it would have been had the sensor besitigned properly. The time delay
results in the trend of the data appearing moeslithan it should which is reflected
in the fits corresponding to the black solution.&i'lthe curvature of the curved fit is
very shallow i.e. almost linear, the values gfand n reflect this. The value of c
produced by these almost linear shaped fits caseba to correspond to the value
that the early (actual) linear fits converged oheWalue of n produced is close to
1.0 which is the default value for a linear fit. Whlater data from better placed
thermocouples becomes available to the fit, theceffs to pull the curve back
towards the red solution and the correspondingegabf ¢ and n move away from
the linear values. In this case, the values oflrafaund the more ‘acceptable’ range
as defined in Section 2.1.4.

The optimised fits of the net radiant heat fluxhe surface (Figure 6.22) support this
explanation. The fits corresponding to the blackitsan converge on a lower and
seemingly constant value. This is consistent witimear fit as a near constant heat
flux would lead to the near linear spread ratesagaiated from the pyrolysis fits of
the black solution. The heat flux fits correspomia the red solution converge on a
more or less constant rate of growth which is cziest with an acceleratory spread
rate.
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Figure 6.20 -The values of n produced by the optimisation pro¢biie squares)
alternate between two positions~m.6 and rr 0.9-1.0 suggesting two potentially
good solutions. The values of n corresponding jostdble parameters in the curve
fitting process converge on the lower of thesetswis.
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Figure 6.21 —The plot shows the evolution of the fits made &omrolysis length
data. There are two main groups of fits, indicalsdthe dotted lines. Each group
corresponds to one of the two alternatives in thievergence in the;@and n data.
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Figure 6.22 —The plot shows the estimation at each iteratiothefnet radiant heat

flux to the surface from the flame. Again there @ve main groups within this plot
each corresponding roughly to the trends shownhegydotted lines. The group of
lower values correspond to the more linear fitstiod pyrolysis length data. The
group of higher values correspond to the more are¢bry curved fits of the

pyrolysis length data.

Two further experiments were carried out in thisigeone with an identical setup to
the example just discussed, and another with lawade PMMA. All samples for
this setup were 25mm thick. The second experimehpduce a good convergent
solution. The test began as per the previous aiti@gsts in a laminar spread regime
and changed in nature, transitioning to a moreuferii steady spreading flame when
the flame height reached approximately 150 - 200 mseen before, at this stage
the parameters and fits converged. Later thelolsgan to show a slight acceleration
and the process changed to the curve fitting versiothe methodology. On this
occasion the optimised parameters settled on do#éiso Later when the pyrolysis
front approached the top of the plate, the sprepeared to slow and the parameters,
although still being estimated from the curve ¥ipe, re-converged on the values
seen at the beginning of the experiment. The leagdte data and the corresponding
n and c2 values are shown in Figure 6.23 and Figu respectively.
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Figure 6.23 —The plot shows the pyrolysis and flame length datathe second
example experiment. Initially the flame grows glitearly and from approximately
250s begins to accelerate slightly. Around 50@dins to slow again.
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Figure 6.24 — The plot shows the evolution of the length scalatimship
parameters of the second example of the largereseaperiments. In the initial
steady spread regime the parameters converge.dnmiddle of the experiment the
fit switches to the curve fit type and again theapaeters converge. As the spread
rate slows at the end of the experiment, the pararaeevert back to their original
values corresponding to a more constant spreadcitglo
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The results from this second analysis coupled thghalternating convergence seen
in the previous example indicate that the samplghhenay not be sufficient to
produce a significantly turbulent accelerating flagpread. The acceleration seen in
these experiments is very slight and only realligent for a short period prior to the
ends of the tests. The results do appear to shavever that the methodology is
capable of capturing the trends and optimisingaealkle parameters from the data.
A longer experimental sample may afford a more aamensive look at the
turbulent regime and the parameters associateditwitlne results of the analysis of
the third experiment of this type did not show aayable acceleration in the spread
rate to justify the application of the curve fips: It was found that the linear fits
provided a good description of the data to the @nthe experiment. The,@and ¢
parameters converged well in the early stages agr@ ween to describe the data
from later in the experiment well. While not an ati¢est of the second part of the
methodology, the results from the application o tmethodology to these
experiments indicate that the derived curve fitl wiloduce a good solution. The
results show that the fit will give answers in g@@me range as those reported from
turbulent experiments in the literature (Sectidh4). The results of the first example
of these experiments also show that the optimisai&ing this fit style will derive
parameters that describe linear data with the etgmv values to those derived from
direct linear fits. Thus should the situation amgdgere a premature application of this
fit is performed with data that is not fully turlewmlt, this misapplication will not
necessarily force the optimised parameters to rekerthose concurrent with
turbulent flame spread. Nevertheless, a larger raxpat would be needed to fully
ascertain the proficiency of this methodology wheplied to turbulent spread.

6.4 Complex Compartment Fire Environment

A PMMA sample was placed in the main fire comparitbef Dalmarnock Fire Test
One [1]. Due to the timing of the tests, this expent was setup and carried out
prior to the other experiments described here hod without the hindsight of their
findings. In the best case it was intended thattta from this test could be used to
demonstrate that the methodology, then still todbeeloped, could be used in a
complex fire scenario such as the scenario in Dalowk. In the worst case though,
the inability to produce a prediction of spreaderand optimisation of scenario
specific parameters would serve to highlight therent limitations of the technique
and future work requirements which in reality tudroait to be the case.

The main obstacle to the successful applicatiothef methodology in its current
state was a lack of relevant sensor data whichdoosay problems. Although there
were hundreds of sensors present in the experilnatgartment, only a handful of
them were directly tailored to the PMMA experimentthe way the techniques
outlined earlier in Chapter 4 were. The first psyhlwas the difficulty in defining an
ignition time which was not a calculation included the original methodology
where the time of ignition was simply observed amated. Studying the video
footage after the ignition of the waste paper hithie compartment, the fire was seen
to spread on to the sofa where it grew in size erehtually ignited the base of one
of the two bookshelves. The fire quickly spreadhgbookshelves which were set in
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a corner configuration and were loaded with comblesitems leading to flashover
in the compartment. At this point a thick black &mdayer descended obscuring the
various cameras views of the PMMA which had nottegh by this stage (Figure
6.25). At no point during the experiment while ttemeras were functional could
flames be seen coming from the PMMA although in8prafterwards showed that
half of its thickness had been consumed. Not omlgsdthis obscuration prevent
simple definition of the ignition time and locati@m the slab, it also precluded any
measurements of the flame heights using the imeggepsing techniques defined in
Section 4.2.2 which provided the greatest sourgefofmation previously.

Figure 6.25 —The images taken from a webcam within Dalmarnock Fest One
demonstrate the issues with using camera footagenfeasurements in a fire
scenario. a) shows the PMMA slab prior to the ekpent, b) shows the slab during
the pre-flashover growth phase of the fire, andskpws the obscuration of the
camera as the smoke layer descends during theollastevent.

The PIV measurement of the ambient flow velocity) (was not present in the test.
Aside from the fact that the equipment is too vhleato be risked in such a
hazardous environment, the tricky nature of the suesment technique and the
impracticalities of providing seeding to the flowake it unviable for such an
experiment. There were only 23 depth thermocoupéasurements spread two-
dimensionally over the face of the PMMA sample eatthan the line distribution of
the laboratory experiments. This arrangement wastduhe undefined location of
the ignition and the extra width of the slab in g@amson with the laboratory
experiment. There were also only four thin skinodahteters spread over the
centreline of the sample. The sensor density obtiieace sensors was thus less than
the laboratory experiments. The comparatively l@asity of sensor data prevented
both the clear definition of an ignition time artobtaining sufficient information
to fully populate the model to make a predictiotscAwith only one set of results no
assessment could be made of the repeatabilityediett.
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The sensor data that is available however can teldemonstrate the required
adaptations of the methodology and experimentélnigcies necessary to overcome
the extra challenges brought on by the complexdfabis environment. An ignition
criterion needs to be defined most likely based ancombination of depth
thermocouple readings, gas phase thermocouplesheatdlux meter readings. The
simplest would seemingly be the use of gas phagenttcouples close to the surface
to detect a large temperature gradient that wowdekpected from the sudden
presence of the flame. This may be complicatechbypresence of a hot upper layer
but a distribution of thermocouples in the compartincould be used in conjunction
with the thermocouples close to the solid surféageindicating the likely height and
uniformity of the hot layer throughout the compagtrhas was performed with the
results from Dalmarnock in other works [1] [15]. e&llmethod of measurement of
radiant heat flux to the surface must be improuéuee through the development of
the thin skin calorimeter technique or by anothethud if it were to be used to this
purpose. This technique may be complicated howeasethe levels of radiant heat
flux in a small laminar flame may be difficult tewct.
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Figure 6.26 —The plot shows the temperature output from thentlbepuples
embedded within the PMMA slab in the Dalmarnock-experiment. Flashover
occurred at approximately 12:28:00. Thermocouplesarid 19 were partially
exposed to the gas phase hence a more rapid riggriperature is seen.

The third option would be through the tracking loé tlepth temperature as was used
to define the arrival of the pyrolysis front in tleoratory experiments. This is
complicated though by the preheating that the sangplexposed to both through
radiation from the fire and the hot smoke layeopto ignition (Figure 6.25 b)). The
thermocouple traces from the depth sensors are rshowFigure 6.26. The
temperatures remained relatively low prior to flasr which occurred at
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approximately 12:28:00 at which stage three tresrderged in the data which are
indicated by the thick dotted lines in the plot.

Figure 6.27 —The diagram shows the positioning of the surfacesees in the
Dalmarnock PMMA sub-experiment. The blue markemeasent the positions of
thermocouples below the surface and the red markegspositions of thin skin
calorimeters. The sensors grouped in coloured ba@asspond approximately to
the groups of thermocouples represented by dotiees [in Figure 6.26. (The
diagram is not to scale)

The temperatures of the thermocouples in the goougesponding approximately to
the black dotted line appeared to have ignitedorag after flashover (12:28:00) and
increase steadily from this point. These are mainlythe upper region of the
specimen (surrounded by the black dotted line igufg 6.27) that will have
experienced more preheating due to the hot smojler farior to flashover (Figure
6.25 b)). The readings from the lower thermocouptethis group lagged slightly
behind the reading from the upper ones but themds are still distinct from the
thermocouple readings corresponding to the red grekn dotted lines. The
remaining thermocouples corresponding to the ret green dotted lines rose to a
plateau of approximately 100°C. Due to the lengtiime they remained at this
plateau it appears that there may not have beeigration in these regions at
flashover but that ignition occurred later. Thewp®f thermocouples corresponding
to the red dotted lines in both Figure 6.26 andufégs.27 showed a sudden rise in
temperature at approximately 12:36:30. Other sangothe room indicate that this
coincides with the ignition of a collection of papems on a nearby desk. This may
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have acted as a strong piloted ignition given thist area of the surface would most
likely have been producing pyrolysis products duéeating from the post flashover
smoke layer and possible flaming in the region teshdy the black box in Figure

6.27. The remaining thermocouples are heated bydéseended smoke layer then
show ignition trends separately. These are gdgeahad lowest thermocouples in the
sample (denoted by the green dotted lines in Figu2é and Figure 6.27) and the
trends indicate the occurrence of downward flanrea over the lower portion of

the sample.

This information serves to demonstrate that thendefn of an isotherm temperature
IS not as clear cut as before due to the lack @ihrme acting as a pilot for the
combustion products produced by heating of the sanijpough at times the PMMA
may have been pyrolysing, there may not necessaalye been any flame spread.
This emphasises the importance of being able tmeldfie ignition both in terms of
time and location. It also serves to demonstrat¢ the pyrolysis front tracking
technique may not be applicable, at least in itgeru state to these types of
scenarios. These approximate and qualitative tremsear to show that due to
heating effects typical of the compartment firensg®@, the ignition of the top of the
sample was abrupt due to preheating and the flamad over the remainder of the
PMMA sample was more downward. Thus in order td tes methodology in an
upward flame spread regime, future tests of thiareashould consider carefully the
placement of the specimen with respect to othensten the room to try to force an
ignition near the base of the sample earlier on.

Overall this experiment demonstrates that the rnnog#ing factor is the amount and

quality of sensor data available that is specificthe purpose defined by the
methodology and that the evolution of future expents should be guided by the
end use scenario, be it a compartment fire or othee. Measurement techniques
should be developed with anticipation of worst caseironmental scenarios to
prevent gaps in potentially crucial data sets binb@dpout by previously unforeseen
severe environmental conditions.

6.5 Assessment of Findings

It has been demonstrated that the methodolog iauitrent form works well for lab
scale concurrent flow experiments where the ignitgowell defined and the flame is
the only source of heating. The predictions madevemed on accurate solutions
predicting future conditions well. These solutiomsre obtained rapidly providing
good lead time. Also the majority of the processtfese simple scenarios has been
automated to tie in with the ethos of the FireGuidject.

The quantity and quality of pyrolysis length datainps proved to be a significant
factor affecting the success of the methodologypriedicting the outcome of an
experiment and in obtaining convergence in the nogation of parameters
describing the data. Specifically the successfulveogence of the length scale
parameters n and, dn this scenario is governed by the quality of thepth

thermocouple technique. This may also be a restlteosomewhat heavy reliance of
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the methodology on the quality of the assessmenhaf this measurement is

evolving. The pyrolysis length is the essentiatpief information that connects the

goals of the prediction. The aim of the work isptovide an accurate prediction of

the spread of the flame over the surface, an atcyma@diction of heat transfer to

other items and thus an accurate prediction oftberth phase of a fire. The way the
methodology is set out places a heavy relianceneratcurate measurement of the
pyrolysis length to achieve these goals.

All lab scale experiments ignited with the ignitienre method showed a similar
development process at the beginning of the exgerisn There is an initial growth
phase as the flame establishes itself, whereupiansitions to a steady state linear
growth. At this stage the relationship betweenfthme length and pyrolysis length
(c2) is quickly established. The comparison of the values for all vertical
experiments expressed as a function of the flamgtheis shown in Figure 6.28. This
plot represents the 200mm high experiments andfitee 200mm of the longer
experiments. The values for this parameter derife@dall experiments shows
convergence on a value of approximately 1.8. Tiw pidicates that before the
convergence i.e. during the initial small growthipe, the flame will be governed by
the conditions resulting from the ignition suchpasheating by conduction.
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Figure 6.28 —The plot shows the, walues for all vertical experiments established
from the relationshipsl= cal, using the methodology established in this workhin
early stages of transition away from a completedynihar regime, the values
converge.
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Figure 6.29 —The plot shows the data presented above Figure Wi#8the values
removed that corresponds to data from before tlangh in flame length growth rate
shown in Figure 6.2. All experiments show convetgeon a value of ,cof
approximately 1.7 to 1.8.

Once the flame has grown to a certain size howetver)l become independent of
the initial conditions and heat transfer from thafe to the solid will be completely
dominant in the spread process in comparison to edfects brought on by the
ignition method. Whenyadata corresponding to optimisations performedrgodhe
transition is removed, the remaining data is faslecattered as shown in Figure
6.29. This plot shows a correlation exists throughbese experiments showing the
value of ¢ is equal to approximately 1.8 under constant spoeeditions when the
flame is the dominant mechanism of heat transfer.

A correlation also appears to exist throughoutekgeriments for the value of the ¢

parameter. For most of the successful applicatminthe methodology, the flame

spread was entirely or at least in part steady statonstant. While this is the case,
the spread can be shown to be independent of ttedypis length and the radiative

heat flux to be negligible and thus the model iu&opn 14 can be reduced to the
following expression by the grouping of other cams$tparameters: -

V, =K.c.u,

Equation 33

Where the value of the introduced constant K iggiky: -
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« = 4c,k,p,C, (T, = T,)°
lkspscs (Tp _TO)2

Equation 34

Thus, through rearrangement of Equation 33 theevalfig should be linearly
proportional to the ratio of spread rate to ambflnt velocity according to: -

The plot in Figure 6.30 shows that the data doesvsddherence to this model except
for one of the experiments. Analysis has shown that y, measured for this
experiment is the lowest of all experiments andcdr of 10 increase would bring it
to a magnitude in line with other experiments atgb anto adherence with the
correlation as indicated by the triangular turqaodata point on the plot. It is
possible that the dt between PIV images was undesepbed in the original vector
map calculations but for now the data point is aetgd.
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Figure 6.30 —The plot shows the correlation for data taken frathof the lab
experiments that the methodology could be sucdbsafplied to. The slope of the
dotted blue line corresponding to the inverse & tonstant K in Equation 33 is
4500 which corresponds to a= 2.2. The red line represents € 1.8.
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The blue dotted line on the plot corresponds to libst fit of the results of the
experimental data. According to the definition bé tconstant in Equation 34, the
value of ¢ resulting from this best fit i, 2.2. The red line represents the result of
c; = 1.8 that the correlation in Figure 6.29 indisafEhe trends shown in Figure 6.29
and Figure 6.30 demonstrate that there is conyinuitthe optimised parameters
resulting from the laboratory experiments. This ldobe expected given the high
levels of repeatability in the sensor data and ghmwvs that there is also a level of
repeatability inherent in the methodology.

Extrapolation to the more complicated scenario jple¥ in the Dalmarnock Fire
Test Sub-Experiment was not possible. Conditionthiwithe scenario prevented
some of the measurements techniques used in theulgb as PIV measurements
from being used. The test also demonstrated theexaibility of other techniques that
were used, such as video footage and pyrolysig franking by temperature, to the
complex conditions of a real fire scenario. Othargmeters and methods must
therefore be defined and included within the metthagly to provide ignition time(s)
and location(s). Future experiments should followeaolution that gradually spans
the gap between the laboratory experiments repdweel and the conditions present
in the Dalmarnock Tests.

Overall for application of the current methodoldgyconcurrent flow flame spread,
the limiting factor when extrapolating to more réa¢ scenarios is the amount and
guality of sensor data. While the model should dfigent for all concurrent flame
spread scenarios, both new and current sensingiteas will need to be developed
to make them more versatile to overcome the chgdélerprovided by the more
complex scenarios and environmental conditions.
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7 Conclusions

This work has demonstrated that prediction of comeu flow flame spread and
properties of the spreading flame can be perforaamirately and rapidly (faster
than the event itself) by using a combination adladaom purpose designed sensor
techniques and ‘simple’ physical models that amgregentative of the processes
being forecast. A methodology has be developed fgkdbrms this process using
data from laboratory scale experiments involvinqiaorent flow flame spread
ignited from a single ignition source. As data veaflected from the sensors, the
predictions generated and the scenario specifianpeters optimised were seen to
converge on accurate solutions. As the flame sppeacess evolved and the flame
changed in nature, the output from the methodoteggonverged to capture the new
conditions and make fresh predictions based on .themassessment has also been
made of the limitations that must be overcome t&emthis technique viable in an
end use scenario such as the compartment fireedd#tmarnock Fire Tests.

The physical model adopted in this work proved lideathis specific application. It
describes the level of physics of the flame an@agmprocess in terms of physical
properties that are measurable by relatively sinaplé inexpensive sensors without
the need for excessive, time consuming computatidre model used here is
applicable to concurrent flow flame spread overnows lengths, inclinations, and
grades of ‘thermally thick’ PMMA. It is simple engl that calculations do not
necessitate significant computational power. Atgame time it captures the relevant
phenomena for both the accurate calculation of dlaspread and parameters that
could be used in the assessment of heat transtletsurroundings in conjunction
with a larger prediction scenario.

The real crux of the method is the quality of measwents and density of
measurement points. High quality and high densitydata ensures that the
conditions within the fire are captured rapidly aaaturately. The evolution of the
experiments has shown that sensing techniquesoccamagely capture the conditions
of the experiments but need to be further develdpedake them more robust to the
variety of potential environmental conditions unddrich they may be needed to
function. An entire range of qualities of sensieghniques were seen in this work.
The heat flux gauges, although producing frequerd,dvere not suitable for a heat
flux as weak as the ones present in the experimedtthus could only provide a
qualitative assessment of when the radiant flumftbe flame might have become
significant. At the other extreme, the image preo®s of the flame length was high
in quality and data density and provided a veryriadication of the evolution of
the flame and likely conditions of the experime®omewhere between these
extremes, the pyrolysis length measurement tecknpjavided a magnitude and a
basic trend when more data became available bert afthange of conditions, time
was required to accrue enough data points to maleeeurate assessment of the new
conditions. This technique was limited by the numifesensors and thus the number
of data points produced. This shortcoming was aracted slightly by the known
relationship between this length and the flame tlengentioned previously. It is
important to understand and include such relatigssin such methodologies to
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ensure that physical characteristics are beingucaghtcorrectly and enhance the
knowledge of the situation being evaluated.

Despite the small role played by the Particle Imegicimetry system in the actual
application, it served as a good example of tharza needed between high quality
data from complex measurement systems and the rieedrobust regular
measurements. While the data it provides is higekailed and affords high levels of
information to a minute scale, the process of olgi the measurements and
condensing the output to a useful form is compleghly intuitive and occasionally
unreliable. Thus the robustness and reliabilityossned with performing the actual
measurement comes into question rather than outpelf. The study of the
Dalmarnock sub-experiment showed that the measureteehniques need to be
robust to the range of expected fire conditions #ng should be designed with
these conditions in mind. The most pertinent exangplthis is the image processing
of camera images to measure the height of the flarhieh, in the controlled
conditions of the lab experiments, provided rekabbbbust, frequent data but was
rendered useless in the compartment fire scenarota the smoke layer build up.
Thus the broader scope of application environmehisuld be considered when
designing measurement devices in future work.

The methodology developed here successfully cougiledsensor data from the lab
scale experiments to the physical model. It produpeedictions of flame spread

rates and scenario specific parameters that coegtengtime on accurate solutions as
more data was assimilated. In this respect it fetfi its requirements well. The

convergence showed that the adopted measuremdmtidgaes were capturing the

physical characteristic of the scenario and thenodilogy was interpreting the data
correctly with the use of an appropriate model.

The methodology makes use of existing knowledgeflashe spread and flame
characteristics to define the evolution of the twaeiant parameters and to optimise
the scenario specific parameters. The knowledgethef relationship between
pyrolysis and flame lengths in the spread procaabled the methodology to define
the length being heated as part of the ‘flame spemaa solid ignition’ model from
the data sets. This information also played an maob role in evaluating the
evolution of the pyrolysis front as the pyrolysengjth data alone was not sufficient
for this. The flame length data being far more pops depicted the trends of the
growth of the flame far more clearly and when cedpwith the pre-defined
relationship between the length scales, could leel ts define the like shape of the
fit to the pyrolysis length data. This fit couldethbe extrapolated to give the spread
rate over the period of time represented in tha.dat

The flame exhibits both laminar and turbulent cheaastics in the experiments and
knowledge of the heat flux composition in each bése regimes enables the
methodology to separate the contributions of theveotive and radiative portions

due to the flame. This will be important when tlvergarios are extended beyond a
single burning item and knowledge of heat transbatween surfaces and

surrounding mediums becomes important to succepsédliction of fire growth. In
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the current methodology the separation of the Haatcomponents allows for the
optimisation of unknown parameters associated svpharticular type of flux.

For the experiments analysed in this work, convwergeof the scenario specific
parameters and the predictions was highly relianthe fit applied to the pyrolysis
length data. More data points and a more robushadebf measuring this would
make the overall process more rapid and robusteMeat flux sensors and crucially
for this application, a more accurate measuremetiteovarious components of this
parameter would help considerably, especially whth separation of convective and
radiative heat flux to the unburned surface. Ovdhe methodology strikes a fine
balance between the use of existing knowledge @fptlocesses involved while not
being reliant on existing correlations for provisioof unknown parameters.
Quantitative data is extracted from the sensor tgtanaking use of pre-defined
relationships but at the same time is not depenolettiem.

Having established the nature of the disparity ketwthe successful application of
the methodology to the laboratory experiments dlesdrin this work and the failure
to apply this methodology to the conditions obsdrieDalmarnock Fire Test One,
an evolution of experiments can be anticipated whktenable the methodology and
sensing techniques to be developed to the levelined) for use in a scenario like
Dalmarnock. Linear spread in a concurrent flow megihas been comprehensively
covered here and concurrent turbulent flame spheasdalso been undertaken with
some success. Longer experiments to provide lopgeods of turbulent behaviour
and confirm the models ability to capture the ratlibeat flux and acceleration
during a turbulent regime should be conducted. Mecton of downward or
sideways flame spread experiments at laboratorg st@uld be conducted to ensure
that the methodology extrapolates to similar saesaat this scale when used with an
appropriate model. Once simple scenarios have beeprehensively covered and
methodologies developed to encapsulate these bsgiead processes, the
experiments should progress in complexity towaré grenario observed in
Dalmarnock Fire Test One. This could be achievedudjh the complication of the
surrounding environment with radiant panels or goek providing external sources
of heat flux to the surface other than simply teating produced by the flame itself.
This could then be extended to predictions of mitdtn ignition and subsequent
surface flame spread. In order for these experisnaot be successful, the
measurement techniques would also need to evolemgare that sufficient data is
available to the models. The end use scenario ghbal kept in mind when
developing the techniques to ensure they are ndatpasific to the experimental
scenario as the techniques developed in this warkegl to be.

In summary, this work has demonstrated the poteotiantegrating modelling and
sensing techniques to achieve rapid robust predistof fire scenarios which would
support fire fighters in mitigating an evolvingdiemergency. Sensing techniques
alone can provide huge quantities of data but &agkropriate interpretation. Models
provide a method of interpretation but lack theoinfation and data to make their
output robust and reliable. Combining the two ie florm of theoretical models
steered by continuous calibration against sens@sarements will compensate for
the deficiencies of the individual tools when ugeolation.
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Appendix 1. - Derivation of heon, Term for Equation 14

Equation 14 introduces a term for the convectiva fflex to the surface that
describes it as a function of physical parameters:

n uoo
qconv = hconv(Tf _Tp) = (Clkglogcp l_)%(Tf _Tp)
i Eqg. 1

The value kyny is the convective heat transfer coefficient whitctough comparison,
can be seen to take the following form: -

Us \ 2
hconv = (Clkglogcp I_)}/
p
Eq. 2

Equation 3 shows the Nusselt number for laminaw flparallel to a flat plate of
length x which is also product of the heat transteafficient.

Nu:h“I’(”VX = 066RéE Pr*

Eqg. 3
where the Reynolds number is defined by; -
XU
Re= P - Xu_ v
H
Eqg. 4
And the Prandtl Number is defined by: -
a
Pr=—
vV
Eqg. 5

Thus substituting Eqg. 4 into Eq. 3: -
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h., = g[xuwv]% Pr* K

onv
X

=[] vlpe el

%
h, ‘EV Pr- kzu—w}

onv
X

. _ K _
Given a=—- and thus K= apc,

o

Substituting Equation 7 into Equation 6 gives: -

4 u, 1’
hconv = |:§V Pr% akpcp _ooi|

X
%

uOO
hconv: Clkgpg pl_

p

Where ¢ is a constant of the form: -

A
= _va Pr-
“ 9
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Appendix 2. - Derivation of Pyrolysis Length Curve Fit

The curve fit defined in Chapter 5 is derived frima flame spread model defined in

Chapter 3 with the expression relating the flammgtle as a power function of the
pyrolysis length substituted in: -

= 4C2[(C1kgpgcpu°° /Ipn)%(Tf _Tp) " q’f,r * q’e' - q:’S]ZI pn
Iks/oscs (Tp _TO)2

\Z

Grouping the constant terms as: -

4c,
TR 0L, (T, —T))*

1

— % —
KZ - (Clkgpgcpuoo) (Tf Tp)
o n n
Q_qfr +qe_qrs
And also substituting the following expression Yor -

dl
V, =—*f
dt

The following relationship can be defined: -
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di
d—,;:) = Kl[KZ + le%]2

Which when rearranged gives: -

dt=———dl,
Ki[QIl, " +K,]

By substituting, rearranging and differentiatingagom an expression for gdl-

dl :
dt= KllZZ -(1) where u= le/2 + K2
, 1
|p/ :6[""_ KZ]
n_ 1
I :E[u—KZ]Z
| = u?+K,>-2uK, |"
p QZ
2 K 2_
|ID = yy” where y= |:U Kaz ZUKZ}
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= and

d, y*?! dy _| 2u-2K,
dy n du

d, dy _dl, oyt 2
dy du du n Q2

Ju-K,]

(;Ilj = szn-[u ~K,ly™
7 UKL K
o U KT

di, =

And substituting the resultant expression fgriwfio (1): -
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dl -K.)?
dt = ” p2 _ jdt= 24 J-(U |2<2) du
u K,Q'n u

2
K.Q'n

[dt= [(u=3K, +3K,u™ - K,’u?)du

Integrating gives: -

2 3
t= 2 | _3ku+3K,Ln(u)- 2 +K,
K.Qn| 2 u

Substituting: -
— %

And rearranging gives: -

2 |1

= — K23
K,Q*n| 2

Q) —K;)

+K

(Ql, =5K,)(Ql, = K;) +3K,Ln(Ql," - K,) +

3
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Ambient Air Velocity Measurements
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Heat Flux Measurements
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