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Chapter 1Dynamics of Flame Spread and Pathwafitediction

1.1. Introduction

Assessment and uecstanding of the fire hazard posed by increasing use of
polymers around the world is vital for ensuring their safe application. Synthetic polymers
and compositebased on both natural and synthgtalymershave replaced traditional
materials and ar@creasingly used duéeir versatility ana&cconomic reasons. As of 2015,
the production of polymers has increased exponentially to more than 350 million tons since
1960[1]. About 1846 of these produced polymers are used in building and construction
industry[1,2]. Their adaptabilit, low costandlow weight paved the way to substitute
traditional alternatives such as glass and metal. Howeeang mostly hydrocarbon in
nature their introduction inthe structural environment also showcased the fire hazards
associated with these paters. In 2018, incidents involving fires in structures accounted
for about 40% of total 1.3 million fire incident reported in the United States of America
(USA) [3]. In the same study, a home fire was estimated to occur once every 87 seconds,

with one death around every 3 hours accounting for about 7@8tabtieaths due to fire.

Improving the life and environment safety entails gaining knowledge of phenomena
such apyrolysis combustion, toxic gas and soot production and their interdependence that
causes the fire to spread. Prescriptiamdards reque materials to be testedapparatuss
carefully designed temulate scenariepecific thermal conditisithat the material may
be exposed in its final applicatiohhese ¢st are classified intceactionto-fire tests that
examine the responsgjch asgnition, thermaldecompositionflammability, flame spread
and gaseous emissions, of a material to fire, and resigiadfice tests that examine the
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ability of the material to contain a fullyeveloped fire. Reactieto-fire hazard parameters

that quatify phenomenon such ahe heat release ratélRR), ignition, flame heat
feedback,dripping, smoke obscuration, extinction, and flame spread, important
indicators of a mat earlyigrawtroosfirepTheonmaterals aréthen t o s |
classfied based ortheir fire hazardparameter®n a relative ranking scale. The relative
scalingforms a basis for screenirnige materials for their final application. Standardized

tests have been developed and maintained by organizations such as Ameiiegnofoc

Testing and Materials (ASTM)4], Federal Aviation Adminisation (FAA) [5],
International Standards Organization (ISQ§], ard European Committee for

Standardization (CENY].

As the construction industry moves towards increasing tiseraplexsynthetic
polymers such amsulatiors, composite materialengineered woodghe standardized
testing and classification of new materials is becoming increasingly corigjleXhe
scientific community, understanding this challenge, is progressively favoring the
development ofools that can predict the fire behavior of a material in a test staftiard
11]. Suchprediction capability, if applied during the development phase of a matenial,
potentially help screen newnaterials and drastically reduce the monetary cost of
standardizedesting of new materials. Consequentially, the fire incidents and its impact on

life and environmental safety can be controlled.

Standardized tests that expose the materials to flames ranging from Bunsen burner
flames to 15 m high enclosure fire scensrresult in quantifying the reactido-fire
parametersind classification of product based on comparative analysis that is specific to

the test configuration and conditioarlsson et. al12] and Bill and Crocg13] argued



that he data available frorsuch tests arsonfundamental in nature and thus cannot be
reliably used to predict results of anotliee scenario, especially for complex materials.
Bill and Crocg13] also suggested ultimate transition to computer based puvedicodels
can be achieved by promoting application of sreadlle property measurements to first
principle models of largescale experimentsA step forward is to fundamentally
understand the dynamics of the flame spread problem and to apply availebtdisc

methods tamprovethe prediction capabilities

1.2. FlameSpreadProblem

The fundamentals of the flame spread phenomeneslieen studied theoretically
and experimentallfor more than 50 yeaf&4i 17] and attempts have been madadeess
material performance usingmeempiricalmodelsand comprehensive computational fluid
dynamic modelsfor about 30 years [10,11,1820]. Williams [15] provided a
comprehensive theoretical overview of mechanism of flame spread invwit$tén the
Afundament al e g u a {14] avas eladoratddd canife thesnpodes afd 0
communication between the burning fuel and-baming fuelthatdrive fire spreadThe
equation of flame spredd5] relates the net energy per unit area incident on the unburnt
fuel to the product of fuel density, the velocity of flame spread, and the enthalpy per unit
mass of wunburnt fuel to raise Thedomhamtmper at
heat transfemechanisms, limitations imposed by diffusion, chemkaatics, and thermal
thickness of fuel bed during the fire spread were discussed fovamilated and under

ventilated, concurrent and countercurrent flame spread on continuous and discret¢s.surfac



Generally, when a combustibleglid materialis heated, it undergoesthermal
decompositionprocess influenced by aerobic or anaerobic environmeasulting in
release of pyrolyzates (combustible or smmbustible gases). This thermal
decompositia along with associated mass and heat transfer through the degrading material
is referred as pyrolysigzor a vertical wallFigure 1-1 illustrates release giyrolyzates
from the pyrolyzingregion oflength, y, ata flux of & . These gasesan auteignite or
ignite due to an external source in the ghase resulting in a continuous flame, of length
yt, extendingpver the unburnt, virgin fuel ithe flame extensioregion ye. The extension

region is also referred ggeheating regiofiL6] or combusting plume regid@a1].

Thermal
boundary layer

g Q")

A 4

Figurel-1. Schematic of thermal and fluid flow during a flame spread

The surface temperature of thencharringpyrolyzing region is maintained at the
60i gni ti on adteeme beatdlaxdrometide flame, includingradiation, in this
region promoteslecompositionThe communication between burnt and unburnt fuel is

possiblein the extension region byeat transfer from the flamgiven by flame heat flux



1 , or conductive heat transfegiven by conductive heat fluy j , through the sample in
the direction of the spreadHeat transferto the unburnt fuel further initiates themim
decomposition pyrolyzate production, and a spreading flaasea result of nofinear

increase of flame height and extension region in concurrent flame spread scenarios

Flame spread ighus governed by cyclic feedbackl5,22] between three
interdependent phenomehd. Gasphase combustion of pyrolyzates, 2. Heahsferto
the unburntegion and 3. Condensguhasepyrolysis Controlling mechanisms for flame
spread over continuous surfaces for concurrent than countemtspread15] are J flame
to surface heat flux (dominardrfconcurrent tan countercurrent spread) anjccBemistry
that controls the pyrolyzate production rate. Therefore, for a specific flame spread scenario,
understanding these controlling mechanisms is important et been studied
individually over decade Various methods agfuantification and quantification challenges

of these phenomerae discussed in followinipreesubsections.

1.2.1.GasPhase Combustion

Gasphase combustion of pyrolyzat@®motes development afcontinuous flame
supported byhe pyrolsis regionComplete mechanisms of combustion pescirough
elementary reactions of underlying species are understood for relatively simple
hydrocarbon species, such as metHaB¢ However, simplified elementary mechanisms
that may accurately predict associated heat release are computagspahsive. Gas
phase reaction chemistry is usually faster than flame spatacontrolling pyrolyzate
production kinetics. Therefore, relatively simpler approach to estimate heat release rate

is desired for screening materials based on their fizardalhe energy released hyas



phase pyrolyzateombustion process was found to be the singbst crucial parameter
thatcharacterizethe fire hazard of a materig24]. This is because it directly impacts the
flame feedback and mass loss rateyfolyzates The energy released can ingpacted
slightly by incomplete combustion produemissions resulting from the use of fire
retardantsQuantification ofthe energy releasatliring combustion assist in defining key
parametric values that can be used in empirical models to predict flame spread in
standartzed fire scenariosand also classify materialsbased on their thermal hazard

[25,26]

The heatelease ratHRR (kW), is quantified using several established calorimetry
procedures which can primarily be classified into three principles based on the

measurement of

1. Mass loss rate,
2. Specific speciesd concentration change

3. Convective losseR27].

1.2.1.1.Calorimetry based on mass loss rate measurement

The mass loss rate measurenexpressed in terms afmasdoss rated (kg s?)
canbe used t@alculatetheheat release ratgW) if the completeheat of combusin, 30

(kJ gb), of the pyrolyzate gas is known
(226 BOPT (1-1)

Accuracy ofHRR from this approach is promising for combustion process that

produce primarily complete combustionogucts carbon dioxide and water vapor.



However, this expression may overestimateHRER in case of incomplete combustion, if

the inefficiency of the combustion process is not incorporated by accounting for the ratio
of carbon monoxide to carbathoxide, whose information may require experimental
measurements. Also, thtRR is sensitive to thealue of3’O. Pyrolyzate gases released
from organiccondensegbhase materialsonsist ofmostly Carbon, Hydrogen, Oxygen,
Sulphur and Nitrogen atoms. A stoichiometric combustion reactionafdypical
hydrocarborpyrolyzate gas can be generally written as,

000 W

: : (1-2)
. e W, . . W
OCw® -0OU0 o ow T

Nl
C

Standard, completeelat of combustiondefined as the energy released per unit
mole or gam of the reactant at 298 K and 1 atan beeithercalculated fronthe known
heas of formation of reactants angroductsof the combustion reactioor measured
experimentally in a oxygenbomb calorimetej23,28,29] The former method may require
computational software for compounds with complex chemical formula, while the latter
approach, which utilizes an apparatus at higher pressoce efevated oxygen
concentréon, can yieldcompleteheat of combustiothat incorporate heat released by
oxidation of solid carbonaceous residughich may not be flammable in normal
atmospheric conditiong9]. A correspondence between heat of combustion and carbon
atoms, functional contribution from chemical groups in the monomigresepeat unit of
a polymer wasabulated by CardoZ@0] and the list was expanded by Van Krevdl&h.
However, calculating heat of combustion by functional group contributtoyuires

knowledge of exact chemical composition of gaseous products of pyrolysis, which is



almost never available, amdso imposes compational demands antecessitategabular

datafor reference.

From the various approaches possible to obta¥fCavalue of the pyrolyzates
loweror netheat of combustiowherewaterin productss considered to be in gakase
as observed i realfire scenariojs commonly used in fire science than gross heat of
combustion whicltonsiders water in combtisn producs as liquidphaseandtheenthalpy
of process of liquefaction of water vapsaccounted folNet heat of combustion of several
organic compounds afeundto be betweeB0 to 50 ki1 [28]. The net heat of combustion
of acomplexpolymer can belependent othe environmental conditions andany other
material variables such as different molecular structureiférent pyrolyzate gases
released during pyrolysief the same materiamaterial dripping, and fire retandey
(halogenated polymers) which affects tar yield[32]. For such cases, relying on the
knowledge of net heat of cdiastion for calculatingdRR is notalwayspossible While
this approach is helpful iquantifying the effective heat of combustioipolymers direct
measurement diRR is usually done by the principle of oxygen consumption calorimetry

which is based omeasurement of oxygen depletion

1.2.1.2.Calorimetry based ospecifics peci esd® concentration chan

In 1917, keat of combustion of various organiquid and gaseous fuelwas
analyzed byThornton[33] and found to be nearly the same per unit mass of oxygen
consumedDecades later in 1980, Hugged4] quantified this valudor several solid
combustibles g€ = 13.1+ 0.68 MJ per kg of oxygen consumed arévisedvalue ofE

=12.9 + 0.9 was latesuggestedby Tewarson, by conducting experiments on a larger set



of materiald35]. For many organics compounds, it was also found that the energy released

perkg of CQ and CO prduced was 13.3 £.5MJ, and 11.1 + 2 Mdespectively{35].

This valuable informatiorhave been themsed extensively, using a general
expression Eq( 1-3), to calculateHRR [36] by monitoring the change ioxygen, CQ,
and/or COspecieé concentration irthe inlet air of mass flow ratem. (kg st), having

oxygen mole fraction aé and the exhaust flowatg me (kg st) havingoxygen mole

fraction® aftercombustion

(2204 & a (1-3)

Use of this expression further reqesr computation and corrections for oxygen
concentration depending on measurement of @®L0 in the sampling gas stream, which
are formulated in one approach by Jans§&nis Anotherapproach has been standardized
in ASTM 1354 [4], where oxygen depletion factor, volumetric expansion factor are
considered for correcting removal of specific chemical species from thglisg gas.
More detailed formulae employing oxygen consumption model have been developed for
cases where inlet and outlet streams are measured for sepHL0specie$38], or for

cases where the inlet oxidizer stream is dil§8s].

The advantage of oxygen consumption calorimetry is that it can be applied to
experimental setups rangifigm smaltscale[5], benchscale[4,40] to largescale[6,7]
test setups. Howeverhé¢ uncertainty inHRR calculation using oxygen consumption
method isaffectedby the uncertainty in oxgen measuremeli8-6 % contribution)41],
extent ofoxygen depletionn the combustion procedg87], consideration ofmoisture
content (3% contribution) [42], the consideration ofsootiness and incomplete
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combustion(CO formation)of the flame(3-14 % contribution)[42], the accuracy of
measuring masfiow rate of the exhaudtow (1-5 % contribution]43], andthelocatiors

at whichexhaust gas temperatugemeasuredless than 2 % contributiofd4]. Janssens

[45] quantified the variabilityn heat release rateeasurement procedui@ various test
standards and encouraged systematic calculation of transport times, response times, noise
and drift of instrumentation, multiple testing with calibration burners for uncertainty
calculation, and alidation with standard reference materials to improve the accuracy of

HRR measurements.

1.2.1.3.Calorimetry based on convective loss measurements

The portion of the heat release rate which interacts with the air stream and releases
energy convectively, can betdemined by using an approach developed by Sqih
where the convective portion of tiHRR is calculated by monitoring enthalpy change of
the walls which interact with the exhaust flofv.series of temperature measurements is
required and this approach provide&®kR similar to if obtained from using oxygen
consumption method for fuels with low radiatioanvection ratio, such as methane.
However, lack oknowledgeof radiative fraction of theombustion processiakes this

impractical for calculating totalRR in large, rathtive dominant, turbulent fires.

1.2.2.HeatTransfer tahe UnburntRegion

Heatfeedbacko the unburntegion of thduel can result eitheirom the interaction
between the hot combustion products and the solid syudieitem conduction through the
solid suface parallel to the direction of spread. Heat feedmadquantified for range of

sample orientations from d = 1 90A (downwa
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spread)by analyzing heat flow vector patterier flame spread over Poly (methyl
methacrylate)[47]. From these tests, heat transfer rate fromplesse onto the unburnt

fuel was found to be 99% of total heat transfgout to the sample for vertical sample
orientations (d = + 90A), and decreases to
rate in the direction of the spread is thus much smaller than the rate of heat feedback from
the flame for upward flame sprea@oncurrent(upward spreadis thus, faster than
countercurrent flame spread for which the heat transfer is dominated in the direction of
flame spread by parallel thermal conductivity through the condgrisask and ggshase
conduction from thextendingflame [471 49]. Heat feedback from the flame, because of
buoyancyinduced convective transport of hot combustion productgnoucrent,upward

flame spreadan be either radiativer convetive in nature[16,50]. Due to diffusion and
convective gas transport in the sadieectionthat fastens the spread ratederstanding
concurrent flame spread has great practical importastbethe perspective amproving

life and environmental safetf materials in a built environment

Laminar upwad flame spread haseen studiedundamentally to gain insight into
thedynamics okarly growth phase of a fife0i 53]. Flame spread studies were performed
earlier on relatively large scale physical dimensions to induce turbulent conditions without
a quantitave basis to classify turlbent characteristicof fires [54]. The tansitionto
turbulencefor upward, buoyancy driven flame spraagulting from boundary layer non
uniformities induced by several physical and fibeld parameterss estimated using heat
transfer analysis toccur aboveGrashof number of G¢ 5 x 10 [55]. The transition to
turbulence wasnvestigated by Honda and Ronnf6] by performing flame sgad

experiments on fuel beds of varying widpinesure thicknessand oxygen concentration
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They validated dheoretical modeldevelopedthroughnondimensional analysis of the
boundary layerto interpret transition to turbulendgadiation was ideniiéd to be primary
mode of heat transfen turbulent flame spreadsvith the turbulence dependeon the
width of the sample. Laminar flame spread, sddominant heart transfer mode is
convection, is also found to be sensitive to the width of the sd@ifke/]. Pizzo et. a[57]
also observed that the transition from laminar to turlidlew occurs at a critical width
normalized heat release ra@ ) which decreases witincrease inthe sample width for

narrow samplesf width less than 0.05 m.

Total flame heat fluxes for flame spread scenario have been measured on either
single wall fire or fires supported by obstructed geometries that effect the air entrainment
and therebylame dynamics. Schematic of these surfaces is showigume 1-2 and heat
fluxes measured on these surfaces and their importance is discussed in the féW@wing

sub-sections.

Unobstructed surfaces Obstructed surfaces /
@ N e o

Corner geometry (with JJ/

Single wall or without a ceiling) Parallel panels

Figurel-2. Schematic of wall geometries supporting flame spread uséaroe heat

feedback measuremantthe literature
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1.2.2.1.Heat Fluxon Unobstructed Surfaces

Flame heat fluxj hmeasured as thecidentenergy per unit area, in the extension
region as discussed earlids a dominant and most crucial parameter for a concurrent
spread22]. The behavior of flame heat flux in the pyrolysis regigs), (extension region
(Ye = y¢ T Yyp) and beyondwas exploredexperimentally and theoretically by various
researcherfr concurrent flame spreader a single wall geometrgsillustrated inFigure
1-2 (a) [16,54,58 60]. Integral equations for the flame spread phenomenon reduced by
nortdimensional analysis provided inkig into the dependency of flame heat flux on the
flame heigh{58,60] Theflame heat flux, pyrolysis height, flame height, heatask rate
or nondimensionalersion of either of these quantities are usuediyrelatedtogether to
develop empirical relationships that may be used for the purpasamificalmodeling
These correlationsire often in form of power law expressions. Flame heat flux was
generally observed to increase from the lower region of the pyrolysis zone to antonst
valuenear the onset of extension regiamd then decreasegherlinearly [61] or decay
with a power law18] in the extensiolr continuous flame regicandfitted to decay with
a power lawbeyondthe flame tip.Lattimer [62] reporteda simplified flame heat flux
dependence with hghit normalized by flame height. The relation distributeddked heat

flux data along the height in two sections,
N o Mo o ™ (1-4a)
Aop® o C Mo Ty (1-4b)

This relation fitreasonably well fothe experimental datan flames over vertical

surfaces for a range of fuelExperimental dat§58,60] which were used for this fit
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suggested flame heat flaa be nearly independent of the fuel, as also reviewed by Tsai et.
al [16]. This was advantageous as the integral models trahptiéd to predict upward
turbulentflame spreadver combustible materialgilized a constant flame heat flux in the
range of 2685 kW n1? for the pyrolyzing regiofil8,63 65]. However, closertaservation

of experimental data indicated that theerimentapeak flame heat flux ranged from-20

60 kW m?; about 2630 kW m?for Masoniteboard, cardboard and white pine board, and
a value higher than 30 kW-ffor Poly (methyl methacrylate) (PMMA§rd Polyurethane

foam[62].

Early upward flame spreadexperimental studiesalso developed empirical
correlationsthat relate pyrolysis regiornyp, and the flame lengthy, with a power law
dependencad 3w , wherea andn are empirically derived constants. The exponent,
n was empirically derived by different researches tmbe0.78[66]; n= 0.71[67]; n =
2/3[54]. Experiments performed by TsaidaDrysdale incorporated the widtlependence
of the heat release raig using widthnormalizedHRR, Q 6anddeveloped a similgsower
law correlationwhich related the flamkeight toQ § @ ®J0 , where, the exponent
was determined to be= 1in laminar spread regiofior Q6 < 2 0 an#tkW 2/&in

turbulent spread regiolpgr Q6 > 2 01[@8W m

A comprehensive experimental analysis of heat fluxes orcombustible walls
from fires of size 53 kW to 523 kW fueled by propagas burnemsas performed by Back
et al.[61]. The peakflame heat fluxat the centerlinen a radiativedominart flame, a
characteristic of a turbulent diffusion flame, veasrelated wittHRR. Peak heat flux was
modeled by considering mean beam length of artiagiflame volume, represented as
grey gas. The mean beam length wawpirically related to the 1/3 peer of heat release

14



rateper unit volume of the flam@ sejearelthe correlatiorwas expressed in the foraf

Eq.(1-5),

R 0 OJp AGDPQ leexx (1-5)

In Eq.(1-5), 0 s the areanormalizedblackbody emissive power of the flame,
and™Q corresponds to extinction coefficieffor radiant walfires, he flame heat fluxs
also found to be a function o$oot formation a gasphase phenomenof69], with
differences in peak heat fluxes observed ta beaximum of 1%W m? between less sooty

methane and ethane flames compared to sootier ethylene and propylene flames.

1.2.2.2 . Heat Flux omo Obstructed 8rfaces

Flame heat flux on surfaces with obstructed air entrainment, usually due to the
presence of a physical obstructias illustated inFigure1-2 (b, c) is another practical
scenario observed in real fire incideriibe effect of walls placed in a corner geometry, or
parallel to each other on flame heat flux is a subject of importance. Confinement of the
flame inhibis air flow into the combustion region amdpact the flame height and thereby,
the flame heat fluxdistribution [70i 72]. Higher flameheat flux is observeddue to
confinement and surface-radiation,in scenarios where combustible surfaces are in a
corner and a parallel geomefigli 73]. Experimentsperformed to quantify flame heat
fluxes on valls with inhibited entrainment flows are performatllarger scalewhich
represent realistic firercident scenarioHowever, unlike the parallel panel fires, corner
fires almost never become undemtilated, making fires supported by combustible
surfa@s in a corner arguably better for studying flasoéd interaction62]. The larger

scale of the experiments makée fires turbulent, buoyanayriven whichaugmentghe
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experimental and personnel cost challenges for quantifying aspects of flame dynamics.
Flame dynamics ofnterests includeHRR, convectionradiation split for the flame
feedback, flame geometry, flame sootiness, pyrolysis zone and developing strong
correlations between these parametdiserefore, fire supported by walls placed in a
corner geometry is a subjeaf importance for this study an@tgiled literature revievior

fires supported by corner geometry will be discussed in Sett®n

1.2.3.CondensedPhasePyrolysis

As discussed briefly earlier, thdondensegbhasepyrolysis is the rate limiting
process defining the HRRThus, primary parameter of importance that needs to be
predicted is the ratef pyrolyzate productiofalso called as burning rateyhe pyrolyzate
generatiomateimpactsthetime to ignition,comhustionand thus, fire sizeshicheventually
affects the flame heat feedback to the unburnt surfacéhe process ofpyrolyzate
productioninvolvesradiative and convective heat transbetweenthe gasphasewithin
the fluid and thermal boundary layer oéthyrolysis regionandthermaltransport iside
the condenseghase that induamass transfesf pyrolyzatesout of the condenseslrface
The decompositiorprocess isnitially controlled by chemical kinetics faroncharring
thermoplastic and chdorming polymers at low heating ratésentransitions to internal
heat transfer control as the reaction zone decreases and ablative surface mass loss regime
is established at severe external heating, and becomes controlled by both external and

internal heatreinsferafter significant char formatiofr4].

Ablative regime, observed in a spreading flame, characterized mathematically as

Stefands probl em, model s t he pdecoropbsitieni s by
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reaction once the material reaches a critical ignitiorpgaturg75]. Marny such models
assume that thdecompositiorof solid will be primarily from the surface and that the
surface temperature is independent of heat lo$desconduction time scaie this regime
controls pyrolyzate generation and thus the time to ignitipf6]. Conductivethermal
penetration depth, within a material is related to material thermal diffusivityfm? s3),

by _O 8 wheret is the time Analytical thermal theoriesf ignition [76,77] arederived

for simplified semiinfinite materials considering the characteristic ignition tempegatu
for thermallythin materials, where the thermal penetration deptjraater than or equal
to the materialthickness, and thermatthick materials, where the thermal penetration
depthis significantly smaller than the physical thicknessltemperatue gradients inside
the material This theory is the foundation fetandardized fire hazard parameters that
indicate pyrolyzate production propensiffhese prameters such asritical Heat Flux
(CHF, defined as net external heat flux at or below whichasoest piloted ignition does
not occur),Thermal Response Parameter (TBR jndicator which relates time to ignition
to net heat flux)Fire Propagation Index (FRElated to fire propagation raji¢jeat Release
Parameter (HRP, a material specific propeltfined as the ratio of heat released to heat
of gasification)provide agood first level approximatiofor classifyingmaterials intdour
groups of norpropagating, decelerating propagation, accelerating propagation,

nonaccelerating propagatif26,35,49,78]

However, such characterization lacks inclusion of the fundaherature of
pyrolyzate production, whicls impacted by finite rate chemical kinetics, complexity in
the charring nature of polymers, nrlaming mass loss at lower heat fluxes, and radiation

in porous medig79]. Analytical thermal theory of ignition was shown to be sensitive to
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finite-thickness effects and heat dispersion in longitudinal diref8@81]. Importance of
understanding chemical kinetic mechanism for a polyheeompositiorwas emphasized
by Kashiwai in [82], where lack ofconsideration and impacif kinetic parameters of
decomposition bubbling process, mellow in simplified analytical modelswere
discussed.Characterization ofdecompositionmechanism h&a been performedusing
experimental dat§83,84] obtained fromThermagravimetric Analysis (TGA) coupled
with Mass Spectrometry (M@nd Fourier Transform Infrared Spectroscopy (FT Bid
sometimesnolecularlevel interactionsre exploredy using reactive molecat dynamic
theory[85,86] However,application of reaction rate theories to design condepkade
decompositionmechanism is limited due toomplexity involved in measureamt of

decompositiorkinetic and otheparameter§37,88]

For the application in fire scenarjamore general approaethich characterizes
a decompositionreaction mechanismsing smaklscale experiments Babecomemore
popular [89191]. In one approach,hermal decompositionis studied by analyzing
experimental mass loss curves obtained ffb@A. Kinetic parameters ofn apparent
singlestep or nulti-step reaction in series or parallel following an Arrhenius equation are
determined to describe the thermal decompositiorve Kinetic parameters, namely
activation energyE:, and preexponential factorA, are determined by istonversional
method [90,92] or inverse analysisssisted bynumerical modelind89,93 96]. Cone
calorimeter experimental dasae also used to derive kinetic parameters with systematic

methods that utilizenulti-parametepptimization algorithm$97].

The thermaldecompositiormechanismhowever descrileonly a portion of the

pyrolysis process anghrameters required for comprehensive description of the pyrolysis
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process are also importa@ther parametersharacterizeassocated thermodynamics of
the decompositionthermophysical aspects such conductamd swelling/intumescence
in-depthradiativeabsorptionIn the remainder of the dissertation, a set of properties which
guantify the kinetics ofdecomposition associated hermodynamics, thermphysical
behavior (mass and heat transfer, dripping etc.), oppcaperties @bsorption and
emission will be referred to as comprehensive pyrolysis moddlse process of
parametrizing comprehensive pyrolysis modelslevant to tis studyis discussedn

Sectionl.4.

1.3. Experiments and Modeling of Fires Supported by Corner Geometry

Narrowing down from the various aspects of flame spread problem described in
previous section,ifes supportedby vertical flammable corner walls are more hazardous
than fires on single walls because of radiative heat feedback between burning surfaces and
larger flame heights associated with inhibited air entrainfifdn2]. Additionally, unlike
parallel wdl fires, corner wall fires are almost never ventilation contro]&2]. Thus, it
can be argued that flame spread in a flammable vertical corner represents a perfect scenario
for the analysis of interactions between a buoyadroyen flame and pyrolyzing solid fuel.
Accuratemodeling of such interactioris critical for prediction of fire growttj88,98]
Computational fluid dynamics (CFD) fire models are increasingldfor this purpose
[991 101]but their ability to accurately model flame spread is currently limited. The reasons
for this limitation are thought to include absence of accurate property data for relevant solid
fuels and insufficient accuracy of thesimtransport and combustion soibdels

implemented in CFD fire simulatof88,102]
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1.3.1.Experimental studies

Previous experimental investigations of fires in vertical combustible and non
combustible corners, unconfined or confined by a ceiling, can be roughly divided into two
groups: those inwging measurement of the heat release r&tBR) accompanied by
pyrolysis zone monitoringl03i 107]and those involving measurement of flame getry

solid fuel temperature and total incident heat flux onto the fuel syface07 112].

Corner fire experiments with a ceiling veabeen usually performed in a setup
standardize in the ISO-9705 Room Corner scenario, which is a reactmfire test for
wall and ceiling lining material§6]. In this test wall and ceiling lining materials are
exposed to a square propane burner fueled to produce a 100 kW fire for ten minutes
followed by a 300 kW exposure for the next ten minutes or either until the room reaches
flashover or theHRR exceeds 1000 kW. Flamesdt flux distribution werenappedby
Lattimer [109] on norcombustible walls, placed in a 1S-Y05 Room Corner setup,
exposedo propane fueled line and square burners with fires of intensity 100 kW and 300
kW. Kokkala[112], earlier in 1993, performed one of the early experiments that quantified
and correlated heat fluxes on similar 2.4 m high walls placed in an npecombustible
corner without a ceiling. Flame heat fluxes in both the studies increased with heat release
rate, with maximum value of about 100 kW?manddecrease horizontally (laterally)
away from the corner following a haBaussian distributiofil09]. However, the lame
heat fluxes were impacted by presence of the ceiling, where the hot smoke lay@pbuild
complicates the solidflame interaction due to #&diation from walls and hegmoke layer
[109,111113] Flame heat flux to a cold wall (wateooled heat flux gauge) was similar

until the height of 1.2 m for both cases and was found to be Hghawrner environment
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with the ceilingabove this heightwith a maximum difference of 20 kW-ff111]. This
difference correlate well with bladkody radiation from observed maximum gas
temperature of around 900 K near the corner closer to the cgill3y The condensed
phase and flame interaction is complicated by theshaike layem a corner scenario with

the ceilingandthus,is not ideal r the study the dynamics of flame spread on materials.

Flame heat fluxes in fires supported by corner walls which are dependent on the
HRR are also sensitive to physical aspects of the burner such as its relativefstand
distance from the corner walland geometry103,105,114] A standoff distance of the
burner, such as the 5 cm recommended by Willianj408], provides sufficient pre
heatingtimemad an abil ity to study the material 6
At this distance, the heat fluxé30 to 40 kW it for 150 kW burner HRRyear the burner
flame makes assessment of flame spread possible compared toaffsthstdnce of 0 cm
(50 to 60 kW rf) and 10 cn(20-30 kW m?) where respective too severe or not so severe
heat fluxes cause either fast propagation and burnout of fuel or does not challenge the wall
material, respectively. Peak flame heat flux along the height of thewead found to
increase with burner diameter in an exponential reldfi68,114] andflame heat fluxes
were steadyntil a critical height, y/y< 0.4, after which the heat flux decrease linearly and
exponentially[114], an extension to E{1-4a). Similarly, flame heights, pyrolysisdnts
and gas temperatures were also found to be dependéiiRRrand burner geometry in

these studies.

Among vertical corner fire experiments without a ceiling, a scenario realized in
EN-13823 Single Burning Item (SBI) teff] is used most widely for both research

[101,106,107,115119] and classificatiorof wall lining materials[120]. In this test, a
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propane burner placed about 4 cm away from the walls, emulating a waste paper basket
fire, is utilized as an ignition source. The total incident heat flux from this source to 1.5 m
tall noncombustible wall panels was measured in two relatively recent s{idied17]

The burneHRR was varied between 15 and 55 kW to study its impact on the flame heat
flux and flame height. Zhang et.[alL7] used symmetric 1 m wide panels while Zeinali et.

al [115] used EN13823 recommended long and short panels of 1 m and 0.5 m width,
respectively. The heat flux to the walls in the vicinity of the burner was found to be about
40 kW m? (as measured by a watewoled heat flux gauge) for a 30 kMRR in both the

studies and theelative increase in the heat flux wittRR was lower for a HRR change
beyond 30 kW. The panel surface temperatures indicated that the thermal load was higher
on the shorter panels due to a nonform flow field. Zeinali etal. [107] also performed
perhaps the most comprehensive measurements of flame spread on a flammable lining,
medium densy board, in the SBI scenario. They collected spatially resolved solid fuel
temperature together with theRR and flame heat flux to the walls. However, the flame
heat flux, which is arguably the most important and direct measure of interactions between
the flame and the solid fuel, was measured only in three physical locétiangauges at

8 cm from the corner but at different heights and another gauge further away from the
corner)and hus was not resolved spatialior corner fire experiments withaotlte ceiling,

the sdid fuel and flame interaction datare limited at present. A spatially resolved
distribution of these interactions is identified to be crucial for improving the prediction

capability of flame spread.
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1.3.2.Modeling Efforts

Predicting flamespread of a material in standardized corner tests such &&71@D
Room Corner teg6], and the SBJ7] is of interest to aid assessment and screening of new
materials before commercialized productiduadels used for the prediction ofdihazard
can be either empiricaémiempiricalin nature or based on firprinciple computational

fluid dynamicsolvers.

1.3.2.1 Empirical/Semiempirical Models

Thesetype ofmodelssolve ordinary differential equatioms simplified numerical
form or integraform to predictHRR for material in a room corner test sefd@1,122]or
SBI setup[123]. BRANZFIRE [122] is a popular computer model for predicting the
outcome of Room Corner test, while ConeTo[dl&3,124]is popular to compute the
outcome of the SBI as well as Room Corner test. These models calculate time to ignition

based on

1. Constant flame heat flux in the extension region
2. Correlations of flame height and upper layengerature wittHRR;
3. Pyrolysis area growthate estimatedas a function of time to ignition, the

dimensions of the waland the pyrolysis region.

Data used in thesesemiempirical models are derived frordRR and other
measurementdrom cone calorimeterexperimens. These models require minimal
computational resources and provides nearly instantaneous predictions. However, due to a
large number of assumptions that simplify the fire growth parameter and fire dynamics, the

accuracy of these predictiondimmited.

23



Another approach irsemtempirical modeling is scalingp approach, where
different phenomena as described in Seclidh are modeled from smadlcale to large
scale [88]. The complexity of the model is increased hierarchically by introducing
boundary conditions describing smatlale pyrolysis to largscale fire scenarios.
Leventon et. al[125] formulated a flame heat feedback model based on mass loss rate
measurements and coupled thighwcomprehensive pyrolysis model for PMMA in a
comprehensive pyrolysisolver, ThermaKin They producedeasonable predictions of
HRR and mass loss rate for a laminar flame spread over PNIMB]. The flame heat
feedback model wageneralized late[f53] for noncharring, charring polymers which
manifest wide range of soot productiomipging behavior and sample burnout. Similar
functional form for flame heat flux dependence on mass loswemstiesedaterby Lannon
et. al.[110], coupled with comprehensive pyrolysis modeldevelopa modelto predict
flame spreadlynamicsover several types of medium density fibengo@1DF) materials
in a 1ISO9705 Room Corner scenario. This model which utilized pyrolysis model
developed using inverse analysis of TGA and Cone Calorimeter experimental data resulted
in limited accuracy for predictingRR results for few samples. Howeyérshowcased the
potential of fast yet promising predictions obtaimgtcoupling comprehensive pyrolysis

models and flam#eedback model without accurate gasase combustion modeling.

1.3.2.2.ComputationaFluid Dynamic (CFD) models

Comprehensive computer tesfues, namely CFD, which alsamulategasphase
combustion in corner scenarios manage to provide better but still mixed risudts
empiricalsemiempirical models [10,101,116,117,119,12628]. Although promising

efforts are devoted to improve CFD modeling, this numerical approach is intricate due to
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the complexity of modeling suprocess such as heat transfer, pyrolysis, turbulence,
combustion, and so@roduction.For example, aimplified weighteedsumof-grey-gases
(WSGG) model for radiation, compared to the Statistical Narrow Band (SNB) model which
accounts for the spectral dependence of radiation, almost always underestimated heat
release rate andymlysis front region for flame spread scenarios over PMWLE/,128]

The radiive and convective portions of the heat flux predictions for different radiation
models were compared and found to be sensitive to soot yield specified in the model and
subsequent gas temperature predictions of the combusting Jlhengensitivity of oytuts

to radiation model selection emphasize the need for spatially resolved experimental data

for validation purposes.

Complexity in nodeling the pyrolysis process of the matehiabt also impacted
CFD predictions.Yan et. al.[10] estimated prolyzate gas production rate either by
assumingHRR equivalent to Cone CalorimetéiRR data orby solving simplified
conduction equabdin numerically withaonet ep pyr ol ysi s based on
t e mper at simpfiedtreaBnemt bf pyrolysis of the material provided reasonable
HRR estimations for particle board in an ISO 9705 Room Corner setup. However, radiation
heatfluxeswere undeipredicted compared with experimental ddtaey also highlighted
the need for accurate quantification of therphysical properties such as thermal

conductivity, specific heat capacity to accurately predict the flame spread phenomenon.

Over the following years, aided bwyew experimental and computational
techniques, modeling of the pyrolysis process shifted towards increasingly accurate
treatment of thermalecompositiomeactiong101,119] Although the flame spread model

developed by Hjolman et al. in Fire Dynamic Simulator (FDS) classified two complex
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textile materials reasonable well according to-E3823 specifications, large discrepancy
was observed in predicted and experimeHRR for flame spread over these two textiles
and a particle board in an SBI scendtib9]. The relative errors iRIRR predictions were
attributed to difficulties in accurate pyrolysis parameter estimations. Zeinali[@D!
utilized FireFOAM 2.2x platform for modeling flame spread over medium density
fiberboard (MDF) in an SBI setup. Pyrolysis of MDF was modeled as a sitepefirst
order, Arrheniugype thermablecompositiorreaction. Predictions diRR basel on non
uniform density parameter provided rise, peHRR value, and time at pedhRR within

the experimental error. Predictions based on uniform density parameter underestimated the
peakHRR value and time at peadRR significantly. HoweverHRR was predtted to
decay faster for predictions based on-omiform density parameter and ungeedicted
experimental HRR at later times. Predicting flame heat fluxes and flame spread
propagation was challenging for both the parameter cases, due to inaccupaéalfaton

downstream of the propane burner.

The observed discrepancies in CFD model predictions and experiments were thus
attributed to unresolved length scales near the flame[ft0rit26] inaccurate sumodels
defining soot production and radiatifhil7,128]and, in the case of modeling of the SBI
test on medium density bogriD1], to uncertainties associated with spatial-onoiformity

of the solid fuel density.

1.4. Comprehensiv@yrolysis Moded

It is evident by now that the pyrolysis model of a material affinet fame spread

dynamics The pyrolysismodelingis, as discussed in Sectidh2.3 either based on
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analytical methods that assummass loss from surface at constant ignition temperature
[49,78], or based orcomprehensive techniques thake into accounapparent chemical
kinetics and other relevant mjysis propertie410,89,129135]. The former approach
simplifies the physics and limits its applicability for predicting flame spredulge the
latter requires parameter estimatiomsich can demand extensive measuremeitigse
uncertaintycan affect the predictiongss discussed in Sectidn3.2.2 Emphasis will be
given here on the discussion of the compretive pyrolysis model development and the

intendedscope of its utilization will be discussed in Section

Comprehensiveyrolysismodeling, unlike analytical techniques, require dedicated
pyrolysis solvers, such as Gpyi5,136]and ThermaKif129,137] or solvers irbuilt
CFD software such as FDS wherein the flexibility &teling thereaction mechanisns
limited compared to dedicated pyrolysis solvgi88]. Gpyo and ThermaKinsolve
unsteady mass and energy equations including thermal and mass transfer for a thermally
degrading sample. Theffer greater flexibilityin pyrolysis modeling with the capability
to simulate globadlecompositiomeactions in one or twdimensions for a discretized solid
exposed to specified external heating conditions. Gpyhich can be coupled with FDS,
offers optimization techniques for extracting the parameters WhiggmakKinrequires
user interferencthat apart from being sligtly usertime intensivehelpskeepparameters
such as the order of reaction witlphysically meaningful value$hermakKinaccounts for
in-depthradiation ande-radiatiorj137], unlike surface reradiationin Gpyro[136], and
thereby allowing simulation of wide range of pyrolysis and fire scenarios. ThermaKin also
provides easy compatibility to simulate mdtep reactionsn series or parallehnd has

been successfully used amaracterization of chemical kinetics and thermodynarfacs
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thermaldecompositiorof several norcharing polymerqd91] such as polypropylene (PP),
poly(oxy-methylene) (POM), poly(lactic acid) (PLA), poly(methyl methacrylate)
(PMMA), polyamide 6,6 (PA 66 andcharring polymerg91,132] such as poly(vinyl
chloride) (PVC), poly(ethylene terephthalate) (PET), poly (etbikrerketone) (PEEK)
ThermaKin in two-dimensional module Thermakin2Dalso allows prescription of heat

flux boundary conditions emulating flame heat flux dependence with flame height or mass

loss rae by using an empirical correlatioms employeéh previous studiefs3,110,125]

Thermal decompositionis modeled by apparent mehanisms constituting
Arrheniustype reactionsKinetic parametergActivation energyE:, and preexponential
factor, Ar) that can describethermaldecompositiomeactionare extracted by use of data
from benchscale tests such a®ne calorimetef4], Fire Propagation Apparatus (FPA)
[139] or milligram-scale tests such aBhermaGravimetric Analysis (TGA)[140] at
different heating ratedHowever, the parameters derived from beachle tests require
experimental data from tests performed at various heat fluxes pasds slight
disadvantagel89] due toassumption that thiteame heat fluxs constant upon ignitioand
the pyrolysis rate is a function alurface temperaturévhich has beemlemonstrated
experimentallythat this is not the ca$g41]). The importance of suburface region on the
rate of masgoss rate production was emphasized and accountingéayth phenomenon
during the pyrolysis kinetics parameterization process is cruoiajain accuracy.
Therefore,chemical kinetics of thgyrolysis process argaramedrized with greater
accuracypy using experimental mass loss and mass loss rate (MLR) data from TGA, where
a milligramscale sample, in good thermal contact with a metaleoamic crucible is

heated at a controlled heating tdigin aninert nitrogen atmosphere.
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Once the mass loss and MLR data is availahkparameterizatiors either done
by iso-conversional methods oinverseanalysis (modefitting) method of the
experimental datalso-conversional methods, such as the Kissinger mefaf can
model only a singlstep thermal decomposition or clearly distinguishabletipial
reactions. It relies on the dependenceadition of thepeak mass loss rasad activation
energy Ar andE; are determinetly considering degreef conversion|l, and a functional
law of rate of variatioriQll , which is chosen based on global reactidh® rate of change

of the degree of conversion is written in the form,

ol al (o)
Qi Qi .. . o L6
0o | gy @Yal & Agb = ol (1-6)

Whereb is the heating rate, K!sRis universal gas constant, 8.314 J Wwkit?, T
is temperature in K. Degree of conversitin, a a 0 j a a , is defined
based on initial mass, , mass at time tx 0, and the mass at the end of the reaction,
a . The type of functionalaw employed toderive values foA: andE; canimpact the
accuracy of the chemical kinetic mog¢i@2]. Limitations imposed by the arbitrary selection
of the functional form and singl&ep reaction makes this approach undesirable for an

objective of developing universal approach.

The necessity ohiverse angkis techniqueBor property analysis wadiscussedby
Marquiset. al.[142] and Batiotet. al.[87], where thesensitivity of thepyrolysis model to
the compensation effect 8¢ andE;, reaction ordem, stoichiometric coefficientf was
studied The decompositiorreactionof a heated solid can smplified by assumingt
reactsto form a pyrolyzate gas and a solid residue with Afr@gsion, Y;, as shown in Eq.
(1-7). Themassbased reaatn rate ri, for i componentis given byEg. ( 1-8).
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Lyon [143] correlated this reaction rate to theass lossate (MLR) observedn
TGA and simplifed a first orderArrheniustype reaction rate expressiorto obtain
estimates oA andE: based on peak MLR valugj, , and the temperature at the pegk,

observed in the experimental MLR data, as given by B¢ ) and Eq( 1-10). Here,&

is the inital mass of the reactant.

ﬂ (1-9)
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However, using these estimates #ar and E: require further optimization to
accuratelypredictthe MLR observed in TGA. This optimizati@man be performedither
manualy or auomated using algorithms such as Genetic Algorithm (E8,144]
Shuffled Complex Evolution (SCHP7,145] using benckscale experimental data and
analyzing the fit with arevaluation function.Recently, a hiliclimbing optimization
algorithm was developed by Fiola et. §.46] using Thermalf, which provided faster
and yet precise chemical kinetic parame{é&sE;, and) of thermaldecompositiorfor

materials with simple and complex appar@@tompositiormechanisms.

As discussed in Sectioh.2.3and shown inFigure 1-3, thermaldecomposition

mechanism is a part dhe comprehensive pyrolysis model and the thermodynamics

30



associated witdecompositiomeactions, parameters describing theqphgsical behavior,

optical parameters are important for characterizing heat and mass transfer through the
degrading solid sampl®nce the chemical kinetic parameters are derived, the heats of
reactions and specific heat capacities of the intermediates (if multiple reactions similar to
Eq.( 1-7 ) are modeled in series or parallel) are estaddrom heat flow data obtained

from the DSC curve. Direct measurement of heat capacities through other experimental
tools, althougHabor intensiveis also possible. Quantification of heats of reactions and
constant or temperature dependent heat capaicreactantsan be performed by inverse
analysis by following a methodology develod®dLi et. al.[91,130] This methodology

first requires development of baseline heat flow, without considering heats of reactions,
followed by calculation of endothermic or exothermicatseof reactions. Complete
parameter set that describe chemical kinetics and associated thermodynamics of the
decompositiorprocesshas beeremployed furtheto estimate heats of combustion from
microscale combustion calorimeter (MCC) and thephgsical poperties from
gasification apparatus such as Controlled Atmosphere Pyrolysis Apparatus Il (CAPA II)
or Fire Propagation Apparatus (FPAn overview of comprehensive pyrolysis model

development methodology discussed here is shown belbigime1-3.
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Figurel-3. Schematic oh methodology for developing comprehensive pyrolysis model

Heat of combustion of different pyrolyzates from a material that has-stefii
decompositionmay nd be the same due to different chemical structure of the gases
released during theéecompositiorprocess. Heat of combustion has been generally treate
as amaterial specifioquantity as discussed in Sectidn2.], for the solid material but
considering contribution from individual pyrolyzatesn provide accurate estimatidios
complex materialsvith multi-peakdecompositiorreaction The information of heat of
combustion is obtained from heat release ndiRR) data from MCC, where a milligram
scale sample, similar to TGA, is pyrolyzed in inestamosphere and the emanating gases
are completely combusted in a combust@intained at 900 °C arfdd with oxygen to
maintain air environment for fast and completenbustion of gases during the transport
time through the combustdb]. The HRR is measured downstream using oxygen
consumption calorimetryThe MCC experiment can be simulated TihermaKin and
multiplying the predicted MLR with heats of complete combustion for individual
pyrolyzate gas species. The heats of combustaduesare varied until the experimental

and predictedHRR are within required uncertainfg47].
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Finally, characterizing thermphysical properties such as thermal conductikity,
densityy, radi ative properties sucH) ageasseptimli Ssi Vi
to understand the heat and mass transtergss during the pyrolysis of the solichese
property values can be individuakygloptedrom previously measured values reported in
literature, measured from experiments that can quantity respective quantities (such as
guarded hot plate method for theximconductivity) or estimated from benshale
gasification testsCAPA Il was specifically developed fahesepurposeso inversely
analyzethe information of mass loss, back surface temperature, and visual camera images
of intumescence for an axisymnieticouponsized sample exposed to known external
radiative heat flux in inert Natmospher¢40]. The radiative and convective heat transfer
to the top surface is very well resolveaid characterized along the axis and radial
directions to account for the impact of sample intumescéf@e ThermakKin in 2D
axisymmetric module Thermai2Ds, has been used toversely analyze experimental
data to estimate constant or temperature dependent values for thermal conductivity,
density. The change of the thermphysical parameters for subsequent intermediates in
case of a mulistep reaction is determined based on@iamh of the experimental data and
assumed to change fractionally from first reactant to last reactant, either dependent or

independent of the stoichiometric coefficient.

1.5. ThermaKin

All modeling in this work was conducted using ThermaKi@9], a numerical
pyrolysis solver that was developed to compute transient rate of gaseous fuel production
from fundamental physical and chemical pedies of constituents of a pyrolyzing solid.

It solves unsteady mass and energy conservation equations for a 1D as well as two
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dimensional (2D) problemq148], including noruniform swelling axisymmetric
intumescent samplg&32]. In this work, ThermaKin2Ds version 6, was utilized during

pyrolysis model development and flame spread modeling.

In ThermaKin2Ds, materials are represented by elements containing mixtures of
one or more components. Each component is categorized as sold],diggas and have
a set of temperature dependent properties associated with it. Physical and chemical changes
can take place for a component during a reaction. Materials, defined initially in terms of
material thickness, mass fraction of constituting ponents, and temperature, can
undergo subsequent reactions in response to mass or heat boundary conditions prescribed
for the top and bottom boundaries. The governing equations solved by ThermaKin are

summarized in Eq.1-11) through( 1-17).
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Eq.(1-11) represents mass consdiga equation for ajh component, written in

terms of masdased concentration of a component(kg n3). The first term on the right
in the mass conservation equation accounts for the consumption or productittm of j

component.— is negitive if the component is being consumed and positive for a
component being produced. The mass flow (accounted only for gaseous components) in
and out of the element is considered in term 2. Term 3 considers the mass transfer due to
expansion or contractiof the material. Reaction rate of a component is written according

to Eg.(1-12). In absence of the second reactant, is set to 1. Arrhenius parameters,

0 ; and'Oy;, for a reaction are often computed from inverse analysis of milligram scale
thermogravimetric experiments. Mass transport of gaseous products within the condensed
phase is dependenn its volumetric concentration gradient, as shown in(Ei313 ).
Conservation of energy equation, £d-14), equates the rate of change of sensible heat

of the element to relevant processes on et hand side, which include: heat associated
with chemical reaction (term 1); heat conduction (term 2) defined in terms 6flEd);

in-depth radiation absorption from an external source (term 3) calculated according to Eq.
( 1-16); reradiation to the surrounding (term 4) calculated according to( Bell7 );
convection due to mass flow of gases (term 5); and changes in sensible heat due to

expansion or contraction of the ma@aé (term 6).

The symbols irEq. (1-11) through( 1-17) are defined as follows:(s)is time;Nr
is the number of reactions occurring within an elemeigt;density (kg r¥); ¢, is the heat

capacity (J kg K1); N is number of components in an elemes; is the heat of reaction
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(positive if exothermic) (J kY; A is preexponential factor (5if first-order and kg m3

st if secondorder reaction)E; is activation energy (J md); R is universal molar gas

constant(JmdiK?) ;. & is the ga s?sY; kisthesnél eonduaivite(Wf i ci e
miKY) ; o is the radiation absor pikg’pn OQoebf i
emissiv t vy ; 0 -Bolgmarthtcenbtanh (W M K™); leis the external radiation

(including indepth) absorbed by the sample (WAmand | is the reradiation to the

environment (W ).

Additional details of governing equation and verification can lbedoelsewhere
[129,132,148] Flexibility allowed by ThermaKin2Ds for prescribing mass and heat
transfer boundary conditions makes it possible to simulate ang stict range of
pyrolysis and fire scenarios. This feature of ThermaKin was utilized to develop

comprehensive pyrolysis model and subsequently model flame spread over materials.

1.6. Motivation

The hazards of material flammability and flame spread sometimegestaas
impactfulincidents such as the one in Grenfell towarg017[149,150]where fire spread
over the outer building claddinggsulted in72 fatalities Such incidets emphasize the
importance to better understand the material flammability and flame spread h@hards.
scientific community realizes the need for predicting flespeead hazards posed by
flammable materials in a standardized testing environsenhat ew materials can be
screened before commercial application and save high monetary costs required to make

standardized testing possible.
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Flame spread over combustible materials in a corner geometry challenges the
material to a severe hazard and standadidizets commonly use this scenario for screening
wall-lining materials. However, coupling of gahase combustion, flarsolid interaction
and condensephase pyrolysiphenomenavhich govern the flame spread often are either
simplified in semiempirical models leading to inconsistent scaling of empirical
correlations and hazard parameters used in the midal&rgescale scenario, or require
comprehensive characterization of input parameters for computational fluid dynamic

(CFD) models andequire weliresolved experimental data for mosalidation.

This project is motivated biyeincidents that highlight the present nesalbetter
understand material flammability and titeane spread problenby thethorough literature
review of available scientifi methodologiesand by the presently lacking experimental
data for validating modeling approach. The fundamental understanding of controlling
mechanism®f phenomena (ggshase combustion, heat transfer to unburnt region, and
pyrolysis)such as solidlame interactiorandthermaldecompositiokinetics are necessary
to carefullycharacterize governing phenomerand better predict material flammability.
This can be achieved by creating experimental conditions that isolate the desired
phenomenon from anotheTherefore, this research is motivated to employ hierarchical
experimentation and modelingf different materials in order to create a systematic
methodology for predicting flame spread in a large corner fire sceaadido provide a

comprehensive datesfor the evaluation of advanced ClbBsed approaches
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1.7. Research Objectives

The flame spread problem is a complex interrelation between thermally degrading
and possibly physically deforming solid sample,-ghase combustion accompanied by
soot formationand interaction of unburnt fuel and the flame in the direction of the fire
spread. Although each of these slEnomena have been individually studied
fundamentally for more than half a century, the availalxjgerimentablata is limitedby
themeasuremestwhich are either material specific or constrained to interpret fire growth
parameters for standard reactkorfire scenarios. There is a recognized need for predicting
the fire spread over a combustible matesialthat the material can be screefmdheir

flammability and flame spread propensity.

The objectives of the research, motivated by the currentafdbe-art modeling

and measurement techniques, lan@adly classikd in the followinghreepoints:

1. Developand validatecomprehensive pyrolys models for the studied materials by
implementing a hierarchical modeling approaghcomprehensive pyrolysis solver,
ThermaKin wasutilized to simulate smakcale experiments and inversely analyze the
data, as illustrated iRigurel-3, to estimate relevant chemical kinetic, thermodynamic,
and thermephysical parameters.

2. Build acomprehensive dataset for key parameters which golkeflame spreadver
three materialé thelargescale corneconfiguration The materials werchosen such
that the impact of a range of flammability behaviors su¢hRR, charring and sooting
propensity can be investigated. Primary focwss to achieve fastesponse,

synchronized calorimetry, spatially resolved flame heat flux, resolved fladregion
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emissions, and flame structure during the flame spread process and investigate the
impact of fuel on the flame spre@arocessTo achieve this objective, it was necessary
to design and build an experimental setup to study buoy@resn, turbulenflame
spread in a largscale corner configuration.

3. Develop a low-cost, semempirical model, using largscale test data and
comprehensivpyrolysis model to predidteat release raté flame spread in the large
scale cornerf-or this, the validated cqmehensive pyrolysis modelascoupled with
the information from drgescale experimestas a final stage of the hierarchical
modeling The influence ofthe input parameters such as sdii@me interaction
pyrolysis parametergasinvestigated to betternglerstand theimpact on the flame

spread process

1.8. Material Selection

Three materials, Poly(methyl methacrylate) (PMMA), Polyisocyanurate (PIR)
foam, and oriented strand board (OSB), were selected for this study. The motivation here
was to begin with a fatively simple material (PMMA) and increase the complexity with

other materials (PIR and OSB) to understand the dynamics of the flame spread process.

PMMA is arguably the most studied solid combustible in the field of fire science.
The main reason forush popularity is this materiéd nearly ideal thermal decomposition
behavior characterized by the absence of charring or swelling and a remarkably simple
pyrolyzate composition dominated g monomerf151]. PMMA has been a benchmark
material to understal a wide range of fire dynamics phenomena including analysis of

burning rated55,94,152] flame heat fluxe$53,152,153] and flame spread dynamics
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[50,55,125,1584156]. The kinetis of the thermal decomposition of PMMA was also
investigated extensively at both the molecyi&8,86,157]and engineering model levels
[91,135,145,158]Thus, investigations on PMMA would potentially help in understanding
gasphase flame heat feedback and in collection of comprehensive flame spread data on a
material with welresolved condensguhase behawr, which can be used for development

and evaluation of flame spread modeling approaches

PIR foam and OSB were selected because they are materials with practical
importance since they are widely used as Auaithg materials in the built environment.
Secandly, the motivation was to understand flame spread over materials exhibiting
charring and complex thermal decomposition. A viaihg insulation material, PIR foam,
is a material of known practical importance in thermal insulation of residential bwilding
where 30% of lost energy contribution comes from space heating and dd&éjg PIR
foam with closeetell structure is identified to be increasingly favored due to its relatively
low cost and lower Igbal warming potential from emanating emissions than Aerogel,
expanded (EPS) and extruded (XPS) polystyrene foam insuJa66h OSB, on the other
hand, is an engineered composite wood product used more widely than plywood and
particle board, and commanding more than 66% of global structural panel market as of
2016 [161]. OSB, being used in exterior and interior wall construction, was therefore
selected due to its increasing practical importance in built environment as-iningl|

material.

40



1.9. Dissertatim Outline

The remainder of this dissertation is structured in the following manes.
information in the ext threechapterss distributed such that each chapter discusses the
details of experiments and modeliimg one material starting witAMMA, thenPIR foam,
andfinally OSB.Each chapter begins with the description of syeedlle experiments and
pyrolysis model results. This is followed by the discussion of laogdée experiments and
flame spread modeling. Chapter 2 provides general descriptierpafrimental setups
(both smalscale and largscale test setupsnd the modeling (both pyrolysis modeling
and flame spread modeling) framework which are utilized and referred to in subsequent
chapters Each chapterends with respectiveconclusion. Chaptr 5 includes general

concluding remarks and propagature work.

Appendix A provides derivation and validation of calorimetry expressieed for
oxygen consumption calorimetry. Appendix B provides miscellaneous plots and
information as referred fronpscific chapters and also provides radiation heat flux data

obtained from flame spread experiments performed over PMMA.
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Chapter 2Experimens andModelingof Pyrolysis and-lame

Spread oveBlack CastPoly Methyl Methacrylate)

A large scale experiment was deymd toexperimentallystudy dynamics of
buoyancydriven, turbulentflame spreagroblemover different polymers This chapter
discusses thexperiments performedver Poly(methyl methacrylate)(PMMA), whose
thermaldecompositions known to benoncharrirg, nonswelling in natureandhas been
well-characterizedy various studiesPMMA is generally manufactured viaither an
extrusion or a casting proces#ich impactghe mechanical and thermal behavior of the
synthesized polymef145,162] Cast PMMA has higher moleculaveight than the
extruded PMMA and usually does not exhibiielt flow. This reduces the complexity
introduced by melting on a largscale Therefore, cast PMMA was selected for this study.
Furthermore, &lackcast PMMAwas selected because oftiigh atsorption coefficient
thus, reducing the impact of tdepth radiation absorption which complicatesdeling
The black coloring was also speculated to reduce the reflection from the siufaug
largescale experiments thereby aiding processing of imaggsuredby the Digital
Single-Lens Reflex DSLR) camera. Therefore, a cast black PMMA by the tradename
ACRYLITE black9H01 GT, manufactured by Evonik, was purchase®.&8 + 0.02 cm
thick, 121 cm x 244 cm sheetSamples for all the experiments wereand prepared from

these sheets.
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2.1. SmaltScale Experiments

2.1.1. TGA-DSC Experiments

Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC)

were conductedn cast blackPkMMA in Simultaneous Thermal Analyzer (STNgtzsch

449 F3 Jupiter. Thapparatus exposes both a reference crucible and a seompéeéning
crucible to a temperature scan defined by a specific heating program while continuously
measuring mass evolution and heat flow to the sample as a function of time and
temperature. The STWas calibrate@dccording to previously established proced(®é$

to maintain a quantitative relationship between the oredsand the true value of the
temperature of the sample holder, ensure accurate heating pregcaccurate heat flow
measurementsThe calibration was performed by using six organic compouvitls
known melting point temperatuteavinga range of abou813 K to 1000 Kand known

correspondingnthalpy of melting.

Seven PMMA samples with mass e¥4ng were prepardualy finely grounding the
sample in a powder forand kept in the desiccator for at least 24 h before the experiments.
All experiments were galucted using platinusrhodium crucibles with lids having a small
hole which allowed for the escape of gaseous decomposition products. Before each
experiment, a baseline test was performed using an empty crucible under identical heating
conditions to measa and correct for differences in environment, buoyancy effects, and
asymmetry of the furnace and sample crucibles. All experiments were conducted in inert
atmosphere maintained by 50 ml miN, flowrate. PMMA samples were heated,

consistentvith prior experimentg163], at a rate of 10 K mihto ensure samples did not
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experience significant temperature and concentration gradients, thus isolating thermal
decompositiorkinetics and energetics from the transiemteoduced by heat and mass

transport lag.

2.1.2.MCC Experiments

Microscale Combustion Calorimetry (MC(5)] is an apparatus designed to obtain
instantaneoukeat release rate for complete combustibthe pyrolyzate gases evolving
during a controlled atmosphepgrolysis of a sample. In this apparatus, a milligiscale
samplewas placed in a ceramic cruciblend pyrolyzedin an inertpyrolyzer section
maintained by 80 ml mih N flowrate. The evoling pyrolyzate gases pass through a
combustor section which was maintained at 1173 K and replenished with oxygen at 20 m|
min? to ensure complete combustion of gaseous pyrolyzates eesbicand excess
oxygen atmosphere. TheHRR was estimated via oxygeconsumption calorimetry
following Method A[5] by monitoring flow rate and oxygen concentration downstream of
the combustor section. Before each experiment, the oxygen sensor was calibraistd agai
two referenceconcentration, one for 0 vol. %@singNitrogen andanother for 20.95 vol.

% O using compressed dry aifhe air flowmeter at the outlet of the test section was
calibrated against calibratiendependent volumetric flow calibratavhich calculated
flow rate based othe rise time of a piston in a cylindrical annulus of known volume. The
MCC heat release rate calculation was validatesty test dapy running the MCC for a
Polystyrene sample having a mass of around 2.5 mg to 3 mg. §dts bf combustion
derived from the validation tests were always around 39.7 + 0.5'kdvigich is in

agreement with the standard reference value of 39.7 & g

44



Four tests were performed bfack cast PMMA samples weighing between 4 and
5 mg. The samples were pyrolyzed in anaerobic conditions at a nominal heating rate of 1
K s. The residue yield was determined after eactigesieck hovit relateswith the TGA

results.

2.1.3.Broadband RadiatioAbsorption Experiments

Radiation absorption coefficieri, wasmeasured bysing a technique developed
by Linteris et. a[164] and later adopted in other stud[@65i 167]. In this experimental
setup, shown ifrigure2-1, athin cast black PMMAsample, 0.1 cm thickyasirradiated
with a collimated heat flux and measured as incident on a-setéedSchmidtBoelter
heat flux gaugeThe irradiation with and without the sample in place is compared for

broadband absorption coefficient estimation.

<«+— Conical Heater

Insulation
(collimator)

Sample
Sample Support

Heat Flux Gauge

Figure2-1. Schematic of the apparatus for the measurement of the radiation absorption

coefficient

An incident heat fluxof approximately 5 kW m without the sample in place was
compared with the heat flux transmitted through tiin sample. The data of transmitted

radiant heat flux was measured for short intervals of 3 s to ensure that the sample does not
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decompose and the gauge does not read heat flux data affected by conductiaieUpon
collection of sufficient data, the radive heat through the sample was treatedraes
dimensional {D), parallel to axis of collimated flux. The absorption coefficient was
measured using a generalized version of -heembert law [164], |

¢l - 1TO0j”], where U is t h@isttasnitedkradasos (0. 1
through the thin samplé&is the heat flux without the polymer sample in place. Data were

obtained for 6 tests on black cast PMMA.

2.1.4.Controlled Atmosphere Pyrolysis Apparatus Il (CAPA 1) Experiments

Controlled Atmosphere Pyrolysis Aamatus Il (CAPA 1), depicted ifigure2-2,
is an instrument designed to facilitate analysis of thepmgsical changes a solid
undergoes during pyrolysis or gasification procg$8]. This gasification apparatus
(utilizing watercooled chamber walls) provides wekfined boundary conditions and
simultaneous measurement of back surface temperature,losgsand shape profile
evolution for an axisymmetri@ cm diameter disk samples exposed to radiant heat. The
atmosphere is maintained at oxygen concentration below 1 vol. % to ensure measurements
are free from oxidation effects, which emulates a solid burning under a continuous
diffusion flame[154]. The radiation from conical heater was carefully characterized to
account for changes in sample surface position and angular orientation. Convective losses
on the front and back of the sample surfaces lads@been carefully characterized and

validated with experimental datdetails of which can be found elsewhpgt@].

46



Conical Heater: Conical Heater
¢ Gasification Chamber =
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Figure2-2. Schematiof Controlled Atmosphere Pyrolysis Apparatus Il (CAPA 1)

CAPA 1l experimentswere performedon 0.58 cm thick,7 cm diameterdisk
samples otastblack PMMA at an external radiant heat flux of 25 and 60 kW frest at
each heat flux was repted twice.The data for the back surface temperature using the IR
camera, maskss using the mass balance data acquisition, and profile expansion using the
video camera were simultaneously obtained in these experird@otsool PM insulation
rings were cuto encircle the sample to create nearly adiabatic radial boundary condition.
Samples were epoxied to the copper foil to maintain good thermal contact for measuring
back surface temperature and reduce effect of swelling, morphing, and flowing. Back
sufa@ of the copper foil was painted with
surface temperature measurement using an IR canié@. emissivity corrections
necessary to process treck surface temperatunas validated by exposing a copper plate
to a set radiant heat flux. The copper plate was installed with three surface thermocouples
on the back side for validation purposBsck surfacedmperature measurements were

made at 12 points reggenting 4 radial locations (r0; 1, 2 and m from thecenter).
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2.2. SmallScale Experiment Results

Results from milligrarrscale experiments (STA and MC@grformed on PMMA
are summarized ifigure 2-3 as a function of sample temperatufe All uncertainties
reported were calculated usimgpeated experiments as two standard deviations of the
mean. A major decomposition of PMMA begins at around 558Hch is close to earlier
reported values for PMMA47,76,152] with a peak mass loss rate observed around 640
K. A small loss of mass around 460 K was observed before the major decompuasition
is attributedto vaporization of residual solvent retained in the polymer matrix. The residue
left behind after complete pyrolysis in STA was negligible (less than 0.5%) and similar
yield was obtained from MCC experiments. An endothermic heat flow is observed in DSC
corresponding to the temperature range of the major decomposition observed in the MLR
curve. TheHRR observed in MCC also show peHRR at temperature corresponding to
peak MLR observed in TGA. The heat of combustion of cast black PMMA, obtained from

analyss of MCC data, was estimated to be 24.1 £+ 0.5 kJ per g of lost mass.
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Figure2-3. STA (TGADSC) and MCC experimental results for cast black PMMA

Back surface temperature and anesmalized mass loss ratatd for CAPA I
experimentgperformedon black PMMA are shown iRigure2-4 as a function of time,
Heret = O s represents the time when the sample was exposed to the set radiant heat flux.
The error bars in these plots reprag®ro standard deviation of the medie mass loss
rate begins at around 110 the 25 kW n? testandat around 20 s fothe 60 kW m?
test. Higher peak for mass loss rate is observed for higher heat flux of 60%kkam25
kW m2. The back surfacemperatureTpack rises slower for 25 kW rthan 60 kW rt.
The Thack Was obtained by averaging temperature data at 12 paih&sethree points at
four radial distance from the centef the PMMA disk(0, 1, 2, and 3 cjrwere analyzed
from the IR imags The smaHscale experiment data were then used to develop and

validate a comprehensive pyrolysis mofelPMMA.
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Figure2-4. CAPA Il experimental data for cast black PMMA

2.3. Comprehensive Pyrolysis Modedji-ramework
2.3.1.Reaction Kinetics

First the chemical reaction kinetics weodharacterizedby modeling TGA
experiments conducted at 10 K minTGA was simulated for a thermally thin PMMA
sample prescribed as one spatial elemEme element temperature wasded to follow
experimental temperature profile by prescribing a high convection coefficient of W10
m? K, at the boundaryThe temperature profile was prescribed as an instantaneous
heating rateb (t), of the Simultaneous Thermal Analysis (STA) which can be simulated
with an exponentially decaying profile, given by EQ-1). In this equationk (K s?), L
(sh, M (s?), andN (-) are adjustable parametedstermined byfitting experimental
instantaneous heating rate data with this equalioa mass flow boundary conditions were
defined such that gaseous pyrolyzate instantaneously escaped from the element.
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Initial globad decomposition reaction scheme constituting of single or multiple
reactions in series or parall®hsdecidedbased orthe peaks observed in the MLR curve
of TGA experiments. The aetion parameters including pexponential factorA,
activation energyk:, and mas$ased stoichiometry;, were the parameter variables for
the hill-climbing optimization algorithqwhichwas developed in another stydy6,168]
thereby simplifying the manual optimization process adopted in previous studies
[91,130,147,169]A goodness of fitriterion, Goku, givenby Eq.( 2-2 ) wasintroduced

to serve as a target for the optimization process.

(2-2)

In Eqg.(2-2), mis sample masand summations are over dl)(experimentatiata
points. ThisGohRy criteria was a combination of 60 % of MLR fit and 40 % mass fraction
fit, determined as a best compromise between capturing MLR and mass frad@btiMér
and PIR foamThe initial guesses f@& andE; were calculated using approximate solution
for first-order reactiorkinetics obtained by Lyofil43], as shown in Eq( 1-9) andEq. (
1-10). The initial valus of 1 for each global reactiowere obtainedlirectlyfromthe TGA

mass fractiordata.

The ThermaKin2Ds solution obtained withe kinetic parameters was used to
compute | & Subsequently, multiple sets of néy'O andt were generated for every

reaction by modifying the , 2 and4 inputs in small negative and positive
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increments. A given setef, 2 ,4 , andt that produced the lowest | &value

was retained. The hill climbing process was repeated until no redtctibe’ | &could

be achieved.

The key feature of the presented algorithm was that the iterations were performed
inthe- , 2 and4 parameter space (the corresponding and ‘O pair was
computed with Eq( 1-9 ) andEqg. ( 1-10)). Operating in this space provided clearer
relationship between the values of the incremental changes and the impact of these changes
on the simulated TGA profilesThe reactio mechanism (number of reactions, order,
and/or seriegparallel reaction scheme) was altered and optimized to best fit the
experimental TGA MLR curvelhe algorithm was implemented as a MATLAB script that

called ThermaKin2Ds (C++ code compiled into an exasle file) as a subroutine.

Black cast PMMA samples were modeled as thermally thin using a single spatial
element with 1x10 m size and time step of 0.01 s in ThermaKin2Ds. Changing these
integration parameters by a factor of two did not alter the sithoul results, indicating

convergence.

2.3.2.ThermalDecompositionThermodynamics

After characterizing the kinetics of the thermal decomposition using the TGA data,
the DSC data wamversely analyzedo capture theassociatedhermodynamics during
thermaldecanposition Primary information deduced from this inverse analys&sethe
heat capacity of solithtermediates described in the reaction mechamggrantity and the
rates (with respect to temperature) of heat absorbed (or released) during each

decompositin reaction antbr phase transitionTo quantify these hie experimental heat
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flow data werdirst divided by instantaneous heating rate to determine the heat capacity of
the initial, unreacted component pre and fgasstransition temperature. Heat capig

of intermediate components was assumed to be the same for all components as the heat
capacity determined for pegtass transition state. A baseline heat flow that represented
sensible heat flow as a function of temperature throughoutddoempositia was
constructed using the kinetic mechanism and the heat capacity values. Heats of reactions
were estimated as the difference of the integral of DSC heat flow and the constructed DSC

baseline.

2.3.3.Heat of Combustion

Once the reaction kinetics and thermodyits of the thermal decompositiarere
modeled, the complete heat of combustion for individuakegascomponents were
estimated using the MCC experimental dd&#fective total heat of combustion was
obtained via integration of the HRR curve and normtbmaof the integral by the total
mass lostSimilar to STA experiments, MCC walsensimulated in ThermaKin2Das a
thermally thin pyrolyzing single element following a prescribedlantaneous heating rate
profile. Thenthe heat of combustion of individl gaseous component (initially assigned
as the effective total heat of combustiar@re multiplied by theorrespondingyrolyzate
mass flow rate predicted by Thermakin2Ds. The resulRdR was then normalized by
the initial mass and compared with th€CRl experimental data. The heat of combustion
valuesfor individual gaseous componentgere then adjusted until the average error

between experimental and predicté&@R was less than 5%.
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2.3.4.ThermaPhysical Properties

The data from CAPA Il were then used to graeterize the thermphysical
properties (thermal conductivity and densibyjntermediate componentisat, along with
optical propertiesyhich dictate the heat transfer through the sample during pyrolysis.
CAPA 1l was simulated in ondimensional (1D) grsion of the ThermaKin2Ds solv@ihe
convective and radiative boundary conditions of the CAPA 1l were fully implemented in
the model. Gaseous mass transport through the condensed phase was defined such that
gaseous products experienced no resistanceautftow. Mass flow was not permitted
through the back boundary, which was defined as a selgiaent of copper representing
the copper foil used in experiments. Tih@perties of the copper foil used during the

simulation of CAPA |l were obtained from R¢L70].

The mean bek surface temperature profile obtained in the CAPA Il experiments
performed aa specific external heat fluxere used to parameterize thermal conductivities,
k, of condenseghhase components through inverse modeling. The thermal conductivity
parameters @re optimized to fit experimental back surface temperdujeedata. A single
goodness of fit criterion, Gafgiven by Eq( 2-3) was introduced to serve as a target of

the optimization process.

BE Ad Ay p ET "HRHH i
i X ( 2-3 )
=

Thermal conductivities of the intermediate components were either considered
constant or represented as a poiyra function (degree 1, 2 or 3) with temperature.

Temperature independent thermal conductivity of 0.1 YWKm was assigned as the initial
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starting point for the hiltlimbing search algorithnT.he optimizationwas repeated with a
range of physically meangful initial guesses to ensure that the resulting parameter values
correspond to the globalinimum of' | &Thermal conductivity of air at 600 K, 0.04 W
m1K1[171] was used as the lower limit for tbetimization proces® obtain physically

meaningful conductivity values for the soiitermediatecomponents.

The sample profile expansion during CAPA 1l tests was quantified to obtain critical
profile expansions during the gasification process. Any intumescence (swelling) observed
in the experiments was captured in ThermaKin2Ds simulatiodstsities of intermediate
components decreasing with reaction steps. Decreasing component densities had an impact
on the sample thicknesBhe cnsities of intermediate components wepéimized using
a goodness of fit criteria for density (G9Fsimilar to Eq( 2-3). The Golp ensuredhat
the densities of intermediate solid components are optimized to accurately capture the
mean experimental profile expansiondatg assuming thatthe sample undergoes

axisymmetric, radially uniform 1D profile expansion.

Final optimized thermghysical property value along with optimized reaction
kinetic and associated thermodynamics were then validated against experimental MLR
data of CAPA Il tests, and the back surface temperature of the CAPA Il test data which

was not sed forthermep hy si c al propertiesd optimizatio

Black PMMA CAPA Il simulations were conducted at time step of 0.01 s and
spatial discretization of 5 x fan. Changing these integration parameters by a factor of 2

did not alter the simulation resultadicating convergence.
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2.4. PMMA Pyrolysis Model

The PMMA decomposition was represented in the model by two consecutive first
order reactions (Rxn) whose stoichiometry, Arrhenius paraméteasdE,, and heatsf
reactions YO, are summarized ifiable2-1. The first reactant shown here is PMM#
representing the PMMA component after glass transition at 395 K. A glass transition
temperature of 395 K was implemented into the model to capture the protuberaree in th
heat flow and has no associated mass Toss.linear temperature dependent heat capacity
functions were obtained by DSC data analysis for temperature before and after the glass
transition temperature. These values are reported lalabie2-2. Thegaseous pyrolyzate
(PMMAy.9 was assigned heat capacityf 2000 J kgt K, which corresponds to the

average ideal gas heat capacity of the MMA monomer between 400 and 506] K

Table2-1. Decomposition reaction mabssed stoichiometry, kinetic parameters, and

heat of reaction (positive heat values correspond to endothezatitons) for cast black

PMMA.

RXN . . Ar Er Yo
4 Reaction Equation (s (@-mot)  (3-kg?)
1  PMMAmetY 0 PIEINAi + 0.02PMMAgas 31?)156 1.64x10°  5x10°

. 1.35 817
2 PMMAint Y 0 . M/IAchar'l‘ 0998PMMAgas X]_Oll :|.64><:|.d5 X103

Comparison of experiment®lGA mass loss rate af@SCheat flow with the model
fits are show in Figure 2-5. The onset temperature thfe mainthermaldecomposition

estimated to be about 8K is accurately predicted by the model
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The heat of combustion of for cast PMMA was determined t4e+ 0.5 kJ per
g of lost mass using the MCC dafaue to negligible mass loss and heat production
contribution of Reaction 1, theame heat of combustion was assigned for the gaseous

producs of both reactions.
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Figure2-5. PMMA model fit compared with experimettdata obtained from STA tests

performed at 10 K mit

Back surface temperature data from CAPA Il tests performed at 25 RK\Ware
used to estimate the thermal conductivity of intermediate components. Tineother
physical properties of condenspdase components (PMM#A:; PMMAi, and
PMMArar) defined in the model were set to be equal to each other and are li$tduien
2-2. The comparison of model fit and experiméwkata at 25 kW i is shown inFigure

2-6. Absorption coefficient was calculateging the methodology described Section
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2.1.3 Emissivity value was obtained from measurements performed previousiyteys
et. al[164]. Absorption cofficient, obtained from experiments discussed in Se@i&r
and emissivity values for all the components were assumed to be the same as that of cast
black PMMA. Due to almost nomxistent profile expansion observed during RBRAll
tests, the densities of the intermediate components were also assumed to be the same as

measured for the cast black PMMA.

Table2-2: Thermaphysicaland optical properties of cast black PMMA.

Property Units PMMA
Density EC 1210° 30
Thermal conductivity 70 0+ 0.16,T< 395K

0.34- 4.2x10°%T, T> 395 K
-1390 + 8.33%, T< 395 K

. f

Heat capacity EG+ 851 + 3.077, T > 395 K
Emissivity - 0.96

Radiation absorption coefficien | EC | 2.38° 0.23 (2870 280)

The full pyrolysis property set was validated against CAPA 1l mass loss rate
profiles andmeanback surface temperature profile for 60 kW tasts.Figure2-6 shows
the comparison of expenental data for CAPA Il and model fit and predictions for the

back surface temperature and MLR for both the heat fluxes.
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Figure2-6. Comparison of back surface temperature and mass loss rate experitaental

with model fit and predictions for CAPA I

The pyrolysis model predicts the mass loss rate and back surface temperature
reasonably well during majority of tltiecompositiorprocess in the graiscale CAPA I
experiments. This comprehenspygrolysismodel was then utilizethterfor flame spread

modeling.

2.5. Largescale Experimenté&upand Instrumentation

A large-scale experimental setup was built to study dynamics of buoyancy driven
turbulent flame spread. This setup was maintained the same for exgsroneall types
of materials tested. This section details the experimental setdpthe exhaust gas

diagnostics necessary for the calorimethichwere consistent for tests over all materials
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The experimentadetup, shown ifrigure2-7, consisted of twadentical panels of
desired test material rigidly mounted oath.27 cm thickMarinite I calciumsilicate board
in a symmetrical corner geometry. Marindterhich held the panels rigidly in vertical
position is aefractory fireresistant, structural insulation manufactured by BNZ materials
Inc. This board was chosen by considering the screw holding strength to mechanically hold
the material with screws and bolts, without rupture. The insulat@ardohad nearly
uniform properties across the temperature range of 290 to 550 Kprbiperties e
density,} = 737 kg n?, specific heat capacityC, = 1260 J kg K* and thermal

conductivity k= 0.13 W m* Kt across the temperature range of 290 K to 550 K.

The vertical distance from the top of the burner sidewalls wasdaberdinate used
in the current malysis;y = 142.5 cm corresponded to the top of the paretperiments
were performed under an exhaust duct system equipped with baffles for adjusting the
exhaust flow and outlet for gases outside the building for safe evacuation. The exhaust duct

was a28 cm inner diameter pipe with circular cross section.

The cornetwall assembly was placed under a 200200 cm exhaust collection hood,
whose bottom edge was 220 cm above the floor. A flame resistant curtain extended 160
cmfrom bottom of the hootbwards the floor and was used to constrain the volume of the
enclosure. A fabric mesh covered the remainingr6@ help homogenize the incoming
air flow. The room was equipped with inlet louvers for replenishing fresh air being

consumed by the fire.

The panelmaterial mounted in the corner geometry was ignited by a propane
sandbox burner, build in accordance with EN 13823The burnewas placed 4 cm from

both the panels anglas fueled with a constant flow of propane at 21.23 SLPM (6.47 x 10
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4 kg sh) corresponding to the HRR of 30 kWhe burner was on for the entire duration of
the experiment. A-type Stainless Sé¢ (SS) sheathed thermocouples viitB2 cm wire
diameterwas installed to monitor time of propane burner ignition such that the sensing
element was about 1 cm above the burner surfliois. time of ignition was used to

synchronize all the data collectedrohg the experiment.

Diagnostics section
1. Multipoint Pitot tube Footprint of the enclosure

2. Multipoint gas temperature
: 70 cm
3. Gas sampling to O, sensor -~

150 cm  Camera
60 cm =112 cm
80 cm

200 cm

Exhaust hood

200 cm

Top view of setup

: 4 cm separation Ukchannel

» PMMA panel (O.Sicm thick)

25cmx25¢
layered sandbEx burner

160 cm

SLR
Camera

60 cm
fine mesh

calcium silicate
(1.27 cm thick)

Figure2-7. Schematic ofargescaleexperimental setup

2.5.1.Exhaust Gas Diagnostics

Diagnostics on the exhaust gases were dong inss&rumentation sectiori,20 cm
in length andabout 5@ cm downstream of the connection to the collector hood. The cross
section of this section with schematic of instrumentation in it is showigire2-8. This
section was about 20 dudiameters downstream of thellector hood and thus sufficient
for assuming fullydeveloped and welhixed flow. All the instruments in the

instrumentation section were located as close as possible to each other in direction of the
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flow (approximately 15 cm) but separated sufficigattross the circumference of the duct
to provide diagnostics as locally close as posstalé avoid errors in downstream

measurements due to flow disturbances produced by the upstream instruments.

Averaging | © ‘

pitot tube Thermocouple

Gas
sampling
tube

Thermocouple
TC-10
Y i

2 hal st c 10C0u})le
] X 1 dUCt 9
(Dlalntttl =28 L“l) & C-14

Figure2-8 : Crosssectionof instrumentation sectiofmot to scale)
2.5.1.1.ExhaustTemperature

Spatially distributed, multiple measurements of the exhaust gas temperatures are
recommended to minimize the error propagation in mass flow ratelBRdestimations
[44]. Temperature of # exhaust gases flowing through the duct were measuriis
setup using three Ktype Stainless Steel (SS) sheathed thermocouples 0af¢h cm
sheathed probdiameter, located 8m, 10cm and 14cm from the duct wall, separated at
120° angle from eachg¢i@pss the circumference of the duct. They are labeled & TG
10 and TCG14 inFigure2-8. The time constants of these thermocouples, to reach 63.2% of
a step change is less than 1 second, as reported by théantarer. These thermocouples

were cleaned regularly to remoarysoot deposition during laregcale experiment3he
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average temperature from these thermocouplesyes used as temperature of the exhaust

gases for all calorimetry calculations.

2.5.1.2. Exhaus$ How Rate

Veris Verabar averagindglitot tube V100 connected to Setra 264 pressure
transducer was used to measure differential pressure in the exhaust. The Veatabar ha
+1% full-scale (FS) accuracy for 0 to 249 Pa differential pressure and a thedtetical
coefficient, 0 , of 0.753as provided by the manufactureFhe high and low pressure
outlets of the Verabar were connected to a Setra model 264 differential pressure transducer
having a range of 5 to 249.088 Pa ati@o FS accuracto read the pressure differeatti

Combustion effluent was extracted through the heasl calculatedsing Eq( 2-4 ) which

is derived from Bernoulliés equation.
60 ¢YO 00
© o Y Y (2-4)

In this equationd is the calibration coefficient of the pitot tube, 0.753, which was
provided by the manufacturekc is the area of cross section of the exhaust ductin m
" is the density of the exhsugases in kg ) YU is the pressure differential measured
by the pitot tube in Pa} is the environmental pressure in FFajs the mean temperature
of the diagnostics section thermocouples in K; Bmglthe universal gas constant, 8.314 J
moltK1.0 andd are the molecular masses of oxygen and exhaust flow gas mixture
in kg mol?, respectivelyd was approximated by the molecular mass of incoming air,

considering its moisture conterAdditional details of how differenvariables were

estimated are given ilippendix A:Calorimetry
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The flowrate wawvaried and preliminary calorimetry was performed for propane
burner set for 30 to 60 kW equivalent HRR and PMMA pool fire discussed in Appendix
A.3. The exhaust flowrate of 0.56%rs* provided the best compromise between well
ventilated environment and weksolved oxygen concentration reduction associated with
thestudied combustioprocesseslherefore, during the experents, the exhaust flow rate

was setas)y 0.56 n¥s?.

2.5.1.3.Gas Sampling ystem

A gas sampling system waesigned to ensure fast gas transport and a minimal
delay in the gas concentration measuremé&ukematic of the designed system is shown
in Figure2-9. Exhaust gases were sampled through a custom designed sampling system at
the volumetric flowrate o1x10* m®s?. A sampling probe was made of 0.953 cm inside
diameter stainless steel tube. Sampling holes 0.2 cm in diametereatesto-center
separation of 1.27 cmvere drilledalongthelength of the tube. This spacing and diameter
of the holes were decided by calculating the ratio of pressure drop and velocity across the
hole to therespectivepressure drop and velocigicrassthe entire sampling tube for the
theoretical desired uniform flow velocity of sampling. The resulting ratio of pressure drops
and velocities was greater than 10 and 1 respectivelghanaiform sampling was verified
during the setup of the syste®ince most of the fullydeveloped flow was expected to be
closer to the center, these holes covered 80 % of the central length of the tube, as shown in

Figure2-8.

A 3K series Boxer diaphragm pump with brushed motor was used toesgagas.

The particulates in the exhaust gases were first removed using a Silica inorganic resin filter,
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supplied by United Filtration capable of removing 99.5% of particles larger than ® x 10
m. This particulate filter was replaced after about a sethofe experiments which
corresponded to the manufacturer recommended change in weighipdwigcidate matter
accumulation A 100 cm long copper tube section with 0.953 cm inner diameted
between the sampling tube and thenp ensuré thatthe ambiehatmosphere cools the

sampling gas by natural convection to maintain suitable temperatures for downstream

equipment.
05 housing To atmosphere
| PM O, =5 —
From ‘  [analyzer|
exhaust — i |
sampling NI 9215 H
tube DAQ Ascarite
13104 m3s7! Copper — T

tubing for
sample
cooling

Drierite

Calibration

To exhaust

filter NI9214

<1 um [ | paQ
Diaphragm b Rotameter g_Type
pump Rotameter thermocouple

Figure2-9 : Process flow diagram of exhaust gas sampling and analysis system

Out of the sampled gas, onB/5 x 10°m3s?, controlled by the Aalborg rotameter
equipped with a needle valve, was routed to the gas scrubbers. This fractional flowrate
maintained sampling rate requirements of the oxygen sensor, ensured fast response to
dynamicchanges in the duct, and did not result in deactivation of Drierite and Ascarite
during the studied combustion processes. A2@0mesh indicating Drieritécalcium

sulphate impregnated with cobalt chloigeas used to sab water vapor from the sample
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gas A 30 mesh AscaritéSodium Hydroxide coated Silitavas used to scrub carbon
dioxide. A K-Type thermocouple was used to monitor the temperature of the sampling gas

entering the oxygen sensor for safety.

Oxygenmeasurement was done by using a paramag{i&ig sensor, PM1111E,
supplied by Hummingbird Sensing Technology. The sensor wagsdata fast response
configuration and was highly repeatable with intrinsic error < 0.1,% e analog sensor
response from D 100 Vol. % Q corresponds to lineariOl V output wherthe outlet was
vented to atmosphere. The response time of the sensor, correspondirig36 %0 of a
step change in oxygen concentration was reported by the manufacturer to be less than 300
ms. Calibration of the oxygen senswas perforned before each tessing nitrogen (0%

0O.) and dry air (20.95% £) cylinders as calibration gases. A three way valve in the
sampling system, as shownRigure2-9, was installed to allow switching between exhaust
gas sampling andalibration of the sensor using the calibration gases. Corrections were
done for the delay of 10 s associated with the transport of gases through the sampling
system. The response time of the gas sampling systefimed as time required by the

sensor togach 63% of the total step changas determined to be 3 s.

2.5.2.Ambient G@nditionMeasurements

Ambientpressure, temperature, relative humidity, and dew peémé monitored
using iIBTHX-W sensofmanufactured by Omega Inchhis sensor was connected locally
usingthe Ethernet connection to obtain datadependent of the data acquisition system.
The sensor, referred as PTH sensor hereafter, hasahefacturer reporteaccuracy to

measure ambient pressure within + 200 Pa for 13%tdd.1 x16 Pa ambient elative
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humidity (RH) within £ 2 % for 10 to 90 % RH, and temperature within + 0.5 K for 278 to
318 K. Ambient measurements were made at 2 second interval throughout the duration of

a test.

2.5.3.DataAcquisition System (DAQ)

LabVIEW 2017, operated on Dell Inspn 155000, was used to acquire all the
analog signals from a CompactDAQ USB chassBAQ-9174. The chassis was plugged
with NI 9215, a = 10 V, 16 bit resolution input module for reading the differential pressure
and oxygen sensor analog responseth@imocouples were connected to a 16 channel, 24
bit resolution NI 9214 temperature module with K dccuracy, setup to measureype
thermocouple output. All heat flux gauges were connected to two 24 bit, 4 channel N1 9211
module having the capabilitp measure + 80 mV. All the signals were obtained at 10 Hz
frequencyAll the data obtained is synchronized based on time to ignition of the propane
burner flame, as described in detail along with the calorimetry derivation and validation

experiments ilppendix A:Calorimetry

2.6. Large ScaleExperimental Measurement

A 0.58 £ 0.02 cm thick cast blackkMMA was rigidly mounted onto Marinite |
calcium silicate boardsing twelve 0.32 cm diameter steel fastenBng exposed surface
areaof eachPMMA panel wa$0x146 cnf. All the measurements for the calorimetry were
performed using the setup and diagnostics mentioned in S@ckoAdditionally, focus
of these experimentgasto quantify flamesolid interactbn, flameradiationemissions and
flame structure during the flame spread proce&kng with these, additional

measurements were conducted for radiation heat flux from the PMMA spreadingdlame

67



locations outside of the flam#hedetaikedresultsand eyerimental schematareprovided

in Appendix B: MiscellaeousPlots.

2.6.1.Heat Flux GugeMeasurements

Eight watercooled SchmidBoelter heat flux gauges with 9B8m-diameter
gaugemanufacturedoy Medtherm were installed flush withe exposedPMMA panel
surface to measure the heat feedback from the flame. The cooling water temperature was
maintained at 291 7 K. The sensors were cleaned, repainted and recalibrated against a
standard gauge traceable to NIST reference before evesyimemt. The calibration heat
flux ranged from 15 kWn to 55 kW n¥ and thus covered the spectrum of potential heat

fluxesto beobserved in the experiments.

The gauge locations were defindxy the distance from the cornex) (@nd the
distance from théop edge of the burney)( as shown ifrigure2-10. These locations were

selected based on the observations of the evolution of flame in preliminary experiments.

Figure2-10. Compete set of 28ocations of heat flux gauges (whdicleg used in

flame spread experiments with PMMA panel
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The gauges were moved to different locations in different experiments so that at
least two temporal heat flux profiles were obtained for eacheo8 selected locations.
Some gauges were positioned at the same location on the oppositeipanelsninary

teststo verify that the heat feedback was symmetric.

2.6.2.Flame Spread Imaging

A Nikon D80ODSLR cameravas placed 150 cm away and focused onadribe
PMMA panels, as shown iRigure 2-7, to record a video of the spreading flame at 30
frames per secondpl). The sensor of the camera wa®dified to extend the spectral
sensitivity to the neanfrared by renoving the antialiasing and IR eaoff filters. The
camera wathenmounted witha 900 nm (£10 nm) band pass filtRrring the experiments
This particular wavelength was selected because it provided imaging of the radiation from
a single but highly impoaint flame species: soot; the emissions from other flame species
and hot PMMA surface were negligible at this wavelen@it2]. Using monochromatic
i maging also helped ensure that the presen
technol ogy or camera settings. As |l ong as
current study the same relativeansities would be measured regardless of the equipment
used[173]. The camera was set at ISO 3260 Bperture and exposure time of 5 ms to
provide wellresolved images, while avoiding saturatiothe camera was spatially

calibrated using a lined grid attached onto the PMMA surface before each experiment.

2.7. Large ScaleExperimentaResults

All corner spread experiments began with propane igniatbovied by the ignition

of PMMA, which was accompanied by a crackling noisesudl observation and the
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audible sound of PMMA ignitiomssisted in verifying the time to ignition derived from a
guantitative criteon usingHRR profile. PMMA was noted to ignite around 45 + 3 s after

the propane burner ignition. Thenages captured byhe DSLR trackedthe flame
progression over the entire test duration. Snapshots of raw unprocessed images are shown
every 20 dn Figure2-11 from 10 s to 190 sThe reference of lengtbcale shown in the

figure shavs the extents of the panel height and width that were used foepmusssing

of the imagesHere,0= 0 s corresponds to the burner ignition.
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Figure2-11. Rawunprocessetmages showing flame spread taed by themodified

DSLR camera with 900 nm IR filter
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2.7.1.Heat Release Rate

The calculation oheat release rateas based oaxygen consumption calorimetry,
similar to theapproach used in the cone calorimetry stanff§rdHowever, additional care
was taken to correct for changes in the oxygen concentration associdtedeniémoval
of water and C@from the oxygen sensor flow. Both environmental moisture, ai@ H
and CQ generated in combustion were taken into account. These corrections for the
calorimetry were theoretically derived for a control volume of the hoodg$fynaing mass
flow rate of the inlet air, which constitutes only nitrogen, oxygen and water vapor, is
unaffected by the combustion proceBstailed derivatiorof the equations and validation

of the calorimetryexpressionsreprovidedin Appendix A:Calorimetry

The total amount of combustion produ¢tsrepresented as the molar ratio of CO
and HO produced per £consumed, was calculated for a gaseous pyrolyzate with known
molecular formulaassuming complete combustion. In the case of the current experiments
where the main fuel was PMM#hich is known to degrade into its monon(€gHsOy);

therefore]  p& was used. Oxygen mole fraction in the exhaust flow at atficae, was

calculated from the mole fraction measured by the sedsorusing Eq.( 2-5)

@ S (2-5)

where® " is the measured oxygen mole fraction baselinel andis the baseline for the

moisture content of the inlet air floexpressed as the molar ratio ofCHand Q. Data

collecied before and after each experiment were used for determining a linear baseline to
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account for drifts in the ambient conditions ahe calibrated sensors. Ambient water
vapor mole fraction® ,andi  were computed by E§2-6 ) and( 2-7) to correct for

the drift in ambient conditions.

-Y,O 5
o TpT T Tto (2:6)
0
. p p
L — 2-7
' o P oor (27)

where,0 is the ambient pressure, aN@ is the relative humidity. The saturation pressure
of water vapor,0 , is calculated using Tetens equatiehich estimates the vapor

pressure within 1% of values reported in NIST WebbdaK].

Theheat release raté, 2 2vas computed using E¢2-8) by incorporatingeq. (

2-5) through( 2-7).
( 22 QG 0 - s o -— W ()] (2'8)

whereE is the empirical constant, 13.1 x*XJ per kg of oxygen consuméd4]. 0 and
0 are the molecular masses of oxygen and exhaust flow gas mirtlkkg mof?,

respectivelyd was approximated by the molecular mass of incoming air, considering its

moisture contenRest of the variables are the same as uséd)i( 2-4).

Aside from the manufacturesupplied calibration of théitot tube, theHRR
calculation did not include any adjustable parameters and was validated by measuring the
heat release of a pool fire fueled by & 50 cn? plate of PMMA. The heat of combustion

of PMMA determined by integrating tH¢RR and dividing the integral by the combusted
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mass was determined to be 24.1 KJwhich is within uncertainties of typical literature
values [175]. The response time of the calorimeter was subsequently evaluated by
introdwing step changes in the propane burner flow and monitoring the calcdRid
signal. The response timdefined as time taken for the signal to reach 63% of total step
change corresponding to the propane burner flea found to be 13 2 s The respores

time includedprimarily 10 smixing and gas transport del&yside the enclosure.

The results of thélRR measurements obtained for the corwall flame spread
experimentswhich include propane burner contributi@me summarized iRigure2-12.
Here, 0= 0 s corresponds to the burner ignition and the data is shown for the experiment
durationte= 185 s. Th&HRRis shown until the burner was turned off. THIRR data were
postprocessed by taking a 1 s moving average and further averaging them bgitxveen
experiments. The error bars represent uncertainties calculated from the scatter of the data
as two standard deviations of the mexnseven tests (T1 through T7)he average

uncertainy in theHRR was about 10%.
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Figure2-12. Instantaneouand integraHRR for all tess (T1 throughT7 and meahp
measured in the cornerall flame spread experiments performed on PMMA
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The HRR profile shows an asymptotic rise immediatafyer the burner ignition
which correponds tathe development of the burner flame. The burner flame heat release
reaches a steady state, 33 kW, approximately 15 s after its ignition. The PMMA panels

ignite 45+ 3 s after the burner ignition. This ignition time was identified from

the inflection of theHRR curve defined as the time when the total HRRreases 20%
above thesteadypropane burner contribution. This time wiasther confirmed through
visual observations of flame growdind time corresponding to the ongktrackling noise
heardwhen PMMA begins to decomposdering the experimeat The inflection point is
followed by an exponential rise in théRR corresponding to flame spreading on the
PMMA panels.Once the flames reach the top of the panels, the HRI® tenincrease
somewhat linearly to themaximumof about 280 kW at = 185 s.lt is important to point

out that all current experiments were terminated before any portion of the PMMA panels

was completely consumed or detached from the backing material.

2.7.2.Flame Heat Flux

Two datasetsf flame heat flux available at each location were first averaged and
synchronized from the time of propane ignition. The heat flux dagee then post
processed by binning them in 10 s intervals. This interval of temporal bmselected to
simplify data analysis. Average error was calculated for each of the 10 s bins as two
standad deviations of the mean plus 3gstematic error of the calibrationhe average

uncertaintywas determined to be about 10%.

The results of flamedat flux,jabeeeasurements are summarizeéfigure2-13in

the form of contour plots provided fden points in time selected to illustrate the
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progression of the cornevall flame spread process. The heat flux data f28thocations

were linearly interpolated to a uniform 0.5 cm grid for the locations encompassing the
extents of gauge locations on the wall. This flame heat flux includes the radiation
contribution from the other burning PMMA surfa&urface radiative logs that reach the
adjacent panelere estimated as blabody radiation from a burningMMA surface at
640K (peak MLR temperature observed in TGA tests, see Set@pand asuming 50%

of the radiation reaches the cold gagggace on the adjacent panghe surface radiative

losses werestimated to bkess tharl0% ofthe maximunobservedjae & more detailed

estimation of surface radiative lossepiigvidedin Chapter 3:

Contour plot ab=15 srepresents the heat flux distribution shortly after the propane
burner ignition;0= 45 s contour plot represents the time of ignition of PMMA. At
subsequent times, the data reflect upward and much slower lateral (away from the corner)
flame spred on the PMMA surface. The maximum heat flux observed is about 65 kW m
2 after about = 120 s ak= 10 cm,y = 70 cm The values of the heat fluxes measuretd at
= 15 s at the following X, y) locations (specified in cm): (86), (8,75) and (2030) ae
compared ifTable2-3 with available literature data for the burner set at the 3GHE®R
in an SBI setup. The values obtained in the current work are essentially within the range of

flame heat fluxes reported in the most receritligation[115].
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Table2-3. Comparison oheat fluxdata(in kW m?) for steady propane burn&om this

study anditerature data.

Sensor location| Interpolated valug Zeinalietal. | Zhang et al. EGOLF
(x,y) from this study [115] [176] [177]
(8,16) 40+ 4 44-55 25-30 55
(8,75) 20+ 3 16-23 20-25 21
(20,30) 11+2 14-18 10-15 14

The data also show arsistent reduction in the value of the heat flux at about 50
cm above the burneThis height approximately corresponsthe length of the burner

flame and this reduction is speculated to be associated with air entrainment promoted by

the burneflamethat narrows the flame in this region and cools the solid surface.
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Figure2-13. Interpolated mean heat flux to watayoled heat flux gauges positioned

flush with a PMMA panel surface during key phasesarh# spread on the corner wall

For buoyancydriven flames, the wall flame heat flux profiles have been observed

to be a function oheat release ra{2]. For the current experiemts, the relationships
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betweenraeae different locations anHRR are summarized ifigure 2-14. To generate
these relationships, th#RR data were binned in 10 s intervals similar to heat flux data. At
most locations, the relationship is a igdinear rise with increasingiRR followed by a
plateau, which is indicative of the flame reaching a given position on the surface. A notable
exception is the measurements collected at the greatest distance from thexcerd2r (
cm), where the plateas never reached because the flame does not fully spread this far in
the lateral direction.

Figure 2-14 also shows empirical fits of the experimental data. The following
expressionEg.(2-9),

Q ORATDPOY 22 0RATDQY 22

ey RO 22 R DDA 22 (2:9)

was found to produce fits that captured the experimental data with sufficient accuracy (the
coefficient ofdetermination greater than 0.97). The expression paranmetbys, d, eand

f, are given irFigure2-14. Parameterb andd are in kW*; the rest are in kW
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Figure2-14. Mean heat flugrsto watercooled heat flux gugegresented as a function of

thetotal measured heat release (@eluding propane flame contribution)
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2.7.3.Image Analysis

Theanalysis of the video recorded through0® nmnarrowband filter wasarried
out as follows. First, the RGB images representing individual frames were converted to
grayscale using an unweighted mean of the three channels. This grayscale signal was
determined to be proportional to the incident radiation intensity in easgeriments
involving imaging of a black body furnadé73]. Second, the grayscale images were

binned in 10 s intervals (300 frames per @nyl averaged (the same manner agiiRR

andnaedata). Third, the pixel posiins were converted to physical positions using the same
coordinate system as was used for the heat flux gauge measurements (skayunein
2-13). This conversionrequired interpolation between the pixel data, Whphysical
positions differed slightly due to slight differences in the camera location from experiment
to experimentThe spatial calibration factor (pixels/cm) varieetween 9.2 to 12 pixels
cm! from experiment to experimeritheinterpolation was aceoplished by mapping all

data onto a uniform 0.5 cm grid through averaging together individual intensities of pixels
located within 0.25 cm radius of each grid point. Thus, the final datemet each
experimentad a spatial resolution of 0.5 chinally, the data from individual experiments

were averaged together.

The mean intensities normalized by the absolute maximum value of intiensity
across all binned time intervals and experimeméspresented iRigure2-15. As in the
case of the flame heat flux, these data are provided in the form of contour iiiéeat
key points in time, which illustrate the progression of the cewarflame spread process.
The uncertainties in the intensity data were calcdlatam the scaer of individual data
points as two standard deviations of the mean and were found to be less than 1% of the
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maximum intensity. These intensities can be calculatgidg Eq( 2-10), from the results
of CFD simulations by integting monochromatic radiative intensit@ , along the
line, i, connecting a given pointdfto on the PMMA panel surface to the center of the

camera lengl72]:

‘O o 8 Q i O Y Q ‘O i Qi (2-10)
In Eq.(2-10), O represents the value of imt&ty measured by the camera;
O is the black body intensity at the local temperati¥@andQ is the extinction

coefficient that includes effects of absorption and scattering by soot and is related to the

soot volume fractin. The lind is defined in the Cartesian coordinates as follows

~ ~ ~

i . . (2-11)
pPC W T wpuTt

PC W XTT W PULUT
whered corresponds to the coondite that is perpendicular to the surface of the
PMMA panel with the panel surface locatediatO. Eq.( 2-11) is expressed in the units

of cm and is obtained using a known position of the center of the cameraldgsip v T
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Figure2-15. Relative intensities of 900 nm flame emissions projected onto a PMMA

panel surface during key phases of flame spread on the corner wall

The radiation intensity contours grow in lengtidawridth with time similar to the
flame heat flux contours shown Figure 2-13. Assuming that the majority of the heat
feedback to the PMMA panels is radiative in nature, which is a reasonable assumption for

the flames of this siz§66], and the majority of this radiation is emitted by soot, there
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shouldbe a discernable correlation between the flame heat flux and the projected radiation
intensity. The presence of such a correlation was examined by plotting the radiation
intensity data, which were spatially averaged around the gauge locations over 5 gaug
diameter (1.43 cm) circles, against the corresponodiadflame heat flux datdigure2-16

shows this data plotted for differeptocations for all time intervalsAt eachy location,

heat flux data at akk locations are includedill the data except for the data below 1%
radiation intensitywhich have negligible contribution to radiatjavas fitted with a least
squares linear fifThe excludeddataareshown inblackon the figure All linear fits were

found to have a coefficient of determination above 0.7. An extrapolation of these lines to
zero relative intensitgrovides a rough estimate of the convective contribution to the flame

heat flux, which wad2 + 4kW m?, on average.
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Figure2-16. Average radiation intensity and heat flux correlation
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The recorded video was further employed to characterize the overall shape of the
spreading flame. This characterization was accomplished by defining a threshobéigreys
intensity of 39 g (50/(255x0.005 s)which isnormalized by the exposure ting® ms)
indicative of the presence of a flame in a certain locakipy).(The resulting binary images
were subsequently binned in 10 s intervals and averaged to dlatai@ probability
contours shown ifrigure2-17. The isocontour corresponding to the probability of 0.5 is
frequently used to define the shape of the flfta&] and is highlighted on the figur&his
isocontour shows an apparentnoaving of the flame 10 t&0 cm above the edge of the
burner at late stages of fire growth. As in the case of the flame heat flux data, this narrowing
can be explained by intense lateral air entrainment in this reff@nflame height of the
steady propamburner is about2 cm, which islower than flame height of 8/ reported
for the same burner setting in a similar setlip5]. The reason for this discrepancy is
unclear. The differences in the imaging techniques (monochromatic in this work versus
filtered visible in[115]) and image pogtrocessing may be partially responsible. The use
of the narrower corner panels in the current work, which enhances air entrainment, may
also explain the reduced flame Hatigrhe flame height is found to be slightly sensitive to
the greyscale thresholda 10% decrease in flame height corresponded to an increase in
the greyscale threshold from 3% ® 43 s. A series of plots with the flamshapeiso-
contour (probabilityof 0.5) overlaid on the total flame heat flux contours are shiown

Appendix B.
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Figure2-17. Flame presence probability maps obtained for key phases of flame spread on

the corner wal(Solid red contour hie correspond to probability of 0.5)

85



2.8. Flame SpreatModeling Framework

The availability of detailed flame heat feedback measurements and PMMA

pyrolysis properties enabled detailed inpoftsieatingboundary conditionso numerical

simulations of fire growtlon the corner wall. In these simulations, each PMMA panel was

divided into 28 areal elements, as showrkigure 2-18. Each element contained a heat

flux gauge at or close to its geometric center permitting the gauge measurenbeniséd

to define thermal boundary conditions at the front surface of this element. The positions of

the grid lines separating the elements were selected to maximize the accuracy with which

each gauge represented the corresponding element.
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Figure2-18. Overall workflow for the corner wall fire simulations
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As illustrated inFigure2-18, the simulations were carried out in either uncoupled
or coupled mode. In the uncoupled mode, thean HRR profile measured in the
experiments was used as an inpllRR to calculate the flame heat flux dependencies on
time for each element using the fits showrrigure2-14. These time dependencies were
subsequently fitted witla threesegment piecewisknear expression, which facilitated
implementation of these boundary conditions in a pyrolysis model. This heat feedback was
represented either as convective or radiative. Details of this representation are discussed in
the nextsection (Sectio2.9). ThermaKin2Ds solver was used in a @iwmensional mode
to model transient pyrolysis of PMMA and heat transfer througtMtenite | calcium
slicate boardto which the PMMA panels were attached). 28anses of this simulation
were run, one for each element. The individual contributions of the elements were added

to the heat release rate of the burf@ty 'Y to obtain the total simulatddRR;

3EI Ol (ARQAABYY ¢ a 630 (2-12)

In Eq. ( 2-12 ), a £&re the mass fluxes of gaseous PMNgrolyzate from
individual panel elements®; are the surface areas of these elements@d 24.1kJ g
lis the heat of combustion of the pyrolyzate measdugihg the validation of calarietry
for the largescale setupl'he burner heat releasate was represented by a piecesirsear

function including a linear rise during the first 10 s and a plateau of 30 kW after.

The purpose of the uncoupled simulations was to determine whether all key
physical processeesponsible for the flame spreade correctly accounted for in the
presented model, which was accomplished through a comparison of the input (mean

experimental)HRR with the resulting simulatetHRR. The coupled simulations were
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performed to examine predictive capabilities and limitatiohthe current model. In these
simulations, the first inpudRR profile was a guess taken as twice the heat release rate of
the burner. A simulateHRR profile was subsequently generated using the same process
as was used in the uncoupled simulationsofparison between the resulting simulated

and inputHRR was carried out utilizing the following criterion:

#2 2
0

91 &2 3EI OI(AEAA (2-13)

If CR wasfound to be less than 5 kW for agpetween 1 s after the burner ignition
and the end of the simulation time, the simuldt#&R profile was acepted as the final
result. If CR did not satisfy this requirement, the simul&tB®R was used as an inpdRR
for the next iteration. In the coupled simulations performed in this study, 4 to 6 iterations
were required to obtain the final, converg#i@dR. The performance of these iterations was
facilitated by development of IATLAB script that was used to generate boundary
condition parameters and pgsbcess the results of individual ThermaKin2Ds
simulations Thermakin2Ds simulations were performed wittinae step ofd = 1x102 s
and 510° m spatial discretization. Increasingreducing the integration parameters by a
factor of 2 did not produce significant changes in the simulations reBalts. iteration

required about 40 min on a single core of@dern PC.

For each simulation,quantitative comparison with experimental data was
performed by calculating two parameteaserageHRR error (HRR:or) and the Fire
Growth Rate index (FIGRA). FIGRA a measure of maximum rate of increas¢BR
used to assify materiadin an SBltest[7]. Although classificatiof flammable materials

also requires quantificatioof smoke density, parameterized as Smoke Growth Rate index
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(SMOGRA), the objective here was not to classifgmaterial but tdacilitate quantitative
comparison of simulationg=IGRA was calculatedccording to g. ( 2-14 ), for HRR
excluding theburnerHRR contribution for the duration after the PMMA igniti¢a5 s)

Eq.(2-15) was used to calculatererageHRR error.

3 E] Ol (RRABYY . . ]

&) ' 21 A (o Al O o 0 (2-14)

o p 3EIOI(fAACDAOE( AR OAI (215)
o %ODAOEIOANOAT -°

2.9. Flame Spreatlodeling Results

The flame heat flux time dependencies generated from the mean expertiitiRtal
profile and fitted with three linear segments are showhiguire 2-14. These segments
were optimized to havikeast average error between the time dependent flame heat flux
profile and the piecewisknear fit. First, an intermediate point (end of Segment 1) was
determined by assuming a final heat flux plateau as the maximum heat flux observed for
each location a& location specific time. Then two linear segments were fit bettyeen
zero heat flux and the maximum heat fluith a variable intermediate point on the time
dependent curve between skdwo end points. The final optimizedtermediate point
providedleast average errbetween the fit and the tirdependent curve (Segment 1 and
2). The point corresponding to the plateau flame heat flux (end of segment 2) was
determined by similar optimization procedure. In this cage segments were fit between
the @timized intermediate point aralplateau heat flux valuatt = 185 s The plateau
point (an intermediate point for last two segmemMs)s optimized withint15% of the

maximum heat flux poinbbservedon the time dependent heat flux profile. The final
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optimized plateau poinprovided least error between ttime-dependent profil@and all
segments of the piecewise linear. ffince these heat flux profiles represent the total
(convective and radiative) heat flux to a wateoled gauge, certain assumptitiasl to be

made to convert these profiles to thermal boundary conditions to be used in the pyrolysis

modeling. First, two limiting cases were considered:

In the first case, this heat flux was assumed to be purely radiative in nature. The
piecewiselinearrag @us a small contribution from the background radiation (defined by
the temperature of the cooling watgrculating through the gaug291 K) was set to be
incident onto the PMMA surface. The reflection of a small portion of this radiation and
themal radiative losses from the PMMA panels were accounted for by the model

[129,132,148]

In the second case, the total flame thiéax was represented using a standard

convection expressioif2”Y “Y ). The value ofQwas assumed to be a constant. It
was computed to be 53.8 W3k from the maximum heat flux gauge reading obtained
in this study, 65 kW m, and the maximum temperature of a buoyant turbulent flame fueled
by PMMA reported in the literatuf@79,180] "Y = 1500 K."Y  was defined in this
calculation as the cooling water temperature. Using these values, the pidoeeisgee
(shown in Figure 2-19) was converted to a piecewibeear 'Y , which was
implemented in the pyrolysis simulations. During the simulations, was the

temperature of PMMA surface. The model also accounted for the background radiation

and thermal radiative losses from PMMA.
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Figure2-19. Total lame heat flux time dependencies generated using the mean

experimentaHRR and fitted with a piecewisknear function

The results of these uncoupled simulations are compared with the mean
experimentaHRR in Figure 2-20. Two important conclusions can be made from this
comparison. First, the model&tRR profiles effectively bracket the experimental curve,
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which means that the pyrolysis parameter set is generallystemiswith the results of the
current flame spread measurements. Second, representing the total heatdiilneras
convective or radiative has a substantial impact on the simulation results. For the early
stages of fire growth, it is the convection expres that delivers an accurate prediction.

For the late stages, the assumption that the flame heat flux is purely radiative produces a

better agreement with experiments.
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Figure2-20. A comparison of the ganinstantaneous and integetperimentaHRR

with resultsobtained from the uncoupled simulations

A natural extension of this exercise is to formulate a hybrid flame heat flux model.
In this model, the first linear segmentiE@egment 1 ifFigure2-19) wasrepresented
using the convection expression. Given an estimate of convective contribution reported in
Section2.7.3(12 + 4kW m?), this segment, whengeeisealways below 3&W m? (2.5
times convective contribution estimate$ expected to be dominated by convection.
Segment 3 (the final plateau) was defined as radiative. Segment 2 was defined as a

transition region, where the heat flux calculated usirey dbnvection expression was
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linearly ramped down to zero, while the radiative flux was linearly ramped up from zero

to the plateau value.

The results of the hybrid simulations are also showifrigure 2-20. They do
demonstrate a notably better overall agreement with experiments than either of the limiting
cases. However, these results are still outside of the experimental uncertainties. It is clearly
possible that this discrepancy is a consequence of a crude rfahedlame heat feedback
model.The averagélRReror values and computed FIGRA values are reportdébie2-4
for all the simulations on black PMMA. Predicté¢RR for the uncoupled hybrid
simulations agreed wellithin 17% of the experimental data. This was a significant
improvement from 40 % overestimation for uncoupled simulation modeled with purely
radiative heat flux model and 18 % underestimation for uncoupled simulation modeled

with convection expression faeat flux.

It is also conceivable thahe discrepancyin predictionsis associated with
uncertainties in the PMMA pyrolysis properties. During the analysis of PMMA pyrolysis
performed in an earlier stud¥46], the heat capacitZ,, of condenseghhase components
was identified as the property whose variation had the most notable impact on the rate of
pyrolyzate generation. This property valueriggs an uncertainty of about 10%. Increasing
this heat capacitipy 10% does not compromise the quality of the agreement between the
modelpredictionsandTGA-DSCand CAPA 1l experimental data, which were used in the
model parameterization proce$sme tomass lossvas observed to be slightly affected at

lower heat flux of 25 kW m for CAPA 1l experimentsasseenin Figure2-21.
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Figure2-21. Comparison of CAPA Il experimental résuand CAPA Il simulation

results withoriginal andincreased heat capacjtyrolysis model

For the uncoupled simulation of largeale fire, the delay in time to ignition
resulting from the increase in heat capacity does produce a discernable impromehent
HRR prediction, as demonstratedrigure2-22. The averag&lRR:or reduced to 10% for
uncoupled simulations with increased heat capadibe sensitivity of the uncoupled
simulations to other pyrolysis gerties was also explored by systematically changing one
parameter at a time in the pyrolysis model. Uncoupled simulations were conducted, in
addition to the presented simulation with increased heat capacéyat a timdor each
casei a) thermal condutvity increased by 10%its uncertainty[166]), b) absorption

coefficient increased B30 % (its uncertainty164,166), c) Arrhenius reaction parameters
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of the main decomposition curebangedo those of clear extruded PMMA(= 1.5 x
10" st E = 2.03 x 16 J mot!) [146], and d) emissivityincreaseto 0.98 (0.5-3%
uncertainty [164]). Another uncoupledsimulation was also performedith original
pyrolysis parameterso understand the impact of the uncertainty of the heat flux
measuements on the model predictionBhis was done byecreasinghe entire time
dependenheatflux profile by 10%, which correspond to its averageuncertainty(see
Section2.7.2. Theuncoupled simulation with the heat fldecraseal by 10% predict the

HRR within the error bars of the experimental data, as also illusirakggure2-22.
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Figure2-22. Sensitivity of the uncoupled simulations to the unceties in theheat flux

andheat capacitpf condensegbhase components of PMMA

The impact of changm® eachinput parameter on the uncoupled simulatisnolid
green bars) is presented agpercentage change iaverage error of HRRrom the
corresponding woupled simulation with original hybrid model, Figure 2-23. The

percentage change average error of HRE calculated using the following equation,
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. o'W oW
3OV (2-16)
o'W

The HRRerror Of original uncoupled simulationsing thehybrid heat flux model
calculated using Eq. 2-15), is 17%, so a negative value ®0OYY in this figure
represents improvement of overall HRR predictidhus, t can be inferred that increasing
heat capacity and thermal conductivity paramedexs decreasg the heat fluxmproves
the HRR prediction (negatiaHRReror), While increasing emissivity makes the prediction
worse (positiveaHRReor). Increasing bsorption coefficientby 30% or usingthe
alternative Arrheniugpair have negligible impact on ungpled simulations. From this
figure, it is evident thaamong the pyrolysis parameteise uncertainty in thieeat capacity
has the most impact on the simulation, followed by thermal conductmdymissivity
Considering all input parametetke heaflux has the maximum impact dheHRR, with
HRRror= 1T 70 %, corresponding to 10% alssducti o
seenn Figure2-22, where the uncoupled simulation usolecreasetieat flux predict the
HRR within the experimentadrror barsThis is expeted becauseadrease itheheat flux
decreases the heat feedback on the matergdonsequentlgecreasethe predicted mass

loss rate.
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Input parameters of the flame spread model
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Figure2-23. Percentage changeawerage error observed in thegicted HRR
(30O'YY ) with a change in input parametepyolysis parametemsnd heat fluxfor

coupled and uncoupled simulatioc@nducted using hybrideat fluxmodel

The hybrid flame heat flux model and the pyrolysis models with the original and
increaed heat capacities were also used to perform the coupled simulations, the results of
which are compared with the mean experimeARR in Figure2-24. Similarly, coupled
simulations were also performed for the original pyrolysalet with the hybrid flame
heat flux model wittdecreasetheat flux. These combinations of the flame heat flux and
pyrolysis models yielded the best agreement with experiments for the uncoupled
simulations.The presented simulaté¢RR are fully convergedig., the inputHRR and
the outputHRR are effectively identical). It was also established that the variation in the

initial guessHRR had no impact on the final converged results.

The results othe coupled simulationwith pyrolysis models with originaand

increased heat capacitidemonstrate a large reduction in the quality of agreement with
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experimentswith respect to the corresponding uncoupled simulatidine uncoupled
simulation using the increased heat capacity produced HRR that was, on awdtzsige

10% of the experimental data. For the corresponding coupled simulation, this difference
increased to almost 45%. The difference in the HRR associated with the variation in heat
capacity also increased significantly for the coupled simulat®inglarly, the difference

in HRR, presented asHRR:ror (% change irHRR:ror from original coupled simulation

with hybrid mode), associated with other pyrolysis properties showRigure 2-23 has

increased significantly for the coupled simulations

The coupled simulationsing thedecreasetleat flux, however, are still within 15%
of the average experimental data, which is a slight increase from the 8% average error of
the uncoupled case usingcreasedheat flux. Thedecreasedheat flux also impacts the
coupled simulationshe most among all the input parameters to the flame spread model
(EHRRror= 1 7 5 Bigurie2-28) rifthe FIGRA estimates for these simulations showed

similar trends, the values for which, along with HiRR.iror are shown below iffable2-4.

Table2-4. RelativeHRR.rorand FIGRA comparison for experiment and different

simulation approaches.

HRRerror FIGRA

(%) (kW s?)
Experiment 0 1.4
Radiation (ucoupled) 40 1.9
Convection (unoupled) -18 0.9
Hybrid (urcoupled) 20 1.7
Simulations| Hybrid (uncoupled; increased heat capaci 10 1.6
Hybrid (uncoupled; decreased heat flux) 8 1.3
Hybrid (coupled) 65 2.3
Hybrid (coupled; increased heat capacity) 45 2.0
Hybrid (coupled; decreased heat flux) 15 1.4
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Figure2-24. A comparison of the meanstantaneous and integetperimentaHRR

with heat release rates obtained from the coupled simulations

It is apparent that a strong feedback between the HRR and flame heeatfiogd
in these simulations leads to a significant amplification of errors introduced by relatively
small uncertainties in the model parameters. A small initial-pxedliction in the HRR
causes an ovarrediction in the flame heat flux which, in turnatks to a larger over
prediction in HRR. This amplification of errors is rooted in the fundamental physics of this

flame spread problem and, thus, is unavoidable.

2.10. Conclusionfor Chapter 2

Flame spread over cast black PMMA was studied by performing hierakchi
experiments and modeling starting from milligracale to largescale flame spread tests.
Milligram-scale thermogravimetric analysis (TGA), microscale combustion calorimeter
(MCC) tests conducted on grounded PMMA samples and -gcate Controlled
Atmosphere Pyrolysis Apparatus (CAPA 1) tests conducted on axisymmetridikBsc

PMMA samples were used to collect data for pyrolysis model development. A detailed
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pyrolysis model, which accounted for kinetics and thermodynamics of the thermal
decomposition rad transport of energy and mass in the condensed phase, was developed
by inversely analyzing milligram and graseale experimental data. The inverse analysis
technique for characterizing pyrolysis of cast black PMMA was automated using a hill

climbing optmization algorithm.

An experimental setup wakendesigned and built to study turbulent, buoyancy
driven flame spread on a vertical corner wall. Seven experiments were performed on cast
black PMMA Heat release raté;lRR, was measured using a fast resgwroxygen
consumption calorimetry, which incorporated correction®fygen concentration change
in the sensor flow induced by water vapor and carbon dicsdédgbber. The total flame
heat flux was measured simultaneously at 28 locations distributetheveMMA surface
using watercooled heat flux gauges. This heat flux was found to increase almost linearly
with HRRuntil it reached a plateau for the regions closer to the caknexmpirical flame

heat feedback model was formulated based on heat fllidBRfR correlations.

A modified DSLR camerawith increased spectral sensitivity weguipped with a
900 nm band pass filteto monitor emissions from soot during the flame spread
experimentsThe normalized radiation intensity projected onto the PMMA psundace
and flame presence probability were obtained for key stages of the fire growth. These
radiation intensity datavhich relate to soot volume fractioczgn be used for validation of
CFD simulations, provided that the spectrally resolved radiation oot is computed.
The relationship between the total flame heat flux and the projected radiation intensity was

examined and found to have a notable degree of linear correlation. The contribution of
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convection to the total flame heat flux was estimatéuguis correlation to be 12 kW

m2.

A numerical model of the corner wall flame spread process was devddgped
coupling the empirical flame heat feedback modeltaadcomprehensive pyrolysis model
Using modeling, it was shown that tkeowledge othe total flame heat fluly itselfwas
insufficient to formulate thermal boundary conditions yielding accurate predictions.
Relative contributions of convection and radiatioeedto be resolved. A hybrid model,
combining a convective representation tfoe total flame heat flux below 30 kWhand
switching to radiative representation for the higher heat flux values, was formulated and
yielded reasonable predictionslowever, experimental measurements of radiation

convection split are necessary to impraegeuracy.

A comparison between the uncoupled simulations, where the flame heat feedback
was effectively prescribed to match the experimental measurements, with the coupled
simulations, where the flame heat feedback was computed from the simdRid
revealed that the coupling significantly amplifies uncertainties in the model parameters.
This amplification in not an attribute of a particular modeling approach developed in this
study but rather a general feature of any model (including CFD) attempitagtiare the
essential physics of this type of flame spread. The results of this comparison indicate that
the uncertainties in the key material pyrolysis propertied the flame hedeedback
which rarely fall below +10%, would have to be reduced subatbrtb deliver fire growth

predictions comparable in accuracy to measurements. The results also indicate that the

model 6s ability to accurately compute conv

feedback is criticallor the quality of predictios
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Chapter 3Experimens and Modeling oPyrolysis and-lame

Spread wer PolyisocyanuratéPIR) Foam

The semiempirical model developed in Secti@rB predicted theHRR evolution
for a flame spread scenario on PMMA, which degrades tatmonomer without adding
much complexity to the ggshase combustion procestowever,PMMA is not used as a
wall-lining materialdue to is high flammability hazardnd theapplication of the semi
empirical model methodology on a wihing material wasdeemed necessa The
complexity in the experimental behavior and modeay increasefor the wall-lining
materialsthat have complegecompositiorthermal decompositiomechanisraand form

char that tends to inhibitame spread

A closedcell Polyisocyaurate (PIR) foam ore, by the trade name TR E
(supplied byDuPont Nemours Ing.was selecteds a representative example of such
material TUffFRE s heet i s sandRith&l bétwednihfaceravhioh comprise
of threeply Kraft paperand alumimim foil. Tufi-R E i $ow densityinsulationthat
consists ofaround 80%Polyisocyanurateigid cellular polymer, around 5% glass fiber,
about P4 hydrocarbon blowing agent, and the remainddoibffacercomposed oKraft

paperand aluminunfoil [181].

3.1. SmallScale Experiments

3.1.1. TGA-DSCExperiments

Cryogenically grounded samplesTaiff-R E weighing between 5 arid5 mg were

heated steadily at 5, 10, and 20 K rhim Netzsch F3Jupiter Simultaneous Thermal
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Analysis (STA) apparatus. All the samples wdred in the desiccator for at least 24 h
before experimentatiol®TA was calibrated according to procedure described in Section

2.1.1and[91].

A set of ten experiments were performed Tuff-R E in inert ewvironment
maintained by 6 ml miri* N2 flowratefor 10 K mint heatig rate Six additional testa/ere
performed in similar anaerobic conditions for 5 K rhand 20 K min' heating rateAll
tests were carried out in-Rd crucible with lids to maximize thermal contact and heat flow
sensitivity. Each lid had a small opegito allow uninhibited gas transport of gaseous
decomposition product3hesolid residue left behind at the end of thesperimentsvas
collected andife experimentswere conductedt same conditionsn the residuat a
heating rate of 10 K mih Theexperiments on the residuweere primarily conducted to
capturehe heat flow (DSClo facilitate analysis of heat capacitytbé residueln addition
to thesethree experiments were performad2 K min? in aerobic conditions of 21 %
Oxygen and 79% Nibgen maintained by flowrate of 13 ml mirO, and 50 ml mirt Na.
Aerobic conditiongorcedcompletedecompositiorand oxidation of carbonaceous residue
andthusprovidedinsight into theinorganicconstituent of the foam copolymer matrix

which was asumed to be the glass fibers

3.1.2.MCC Experiments

Brief description of the MCC apparatus can be found in Se&ib2 Samples,
desiccated for at least 24 h, with mass 4 mg to 6.6 mg were placed in a ceramic crucible
that was inseed into the sealed MC@yrolyzer The combustor was maintainedl223

K to ensure complete oxidation of all the emanating gases from the pyrolyzing section. A
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constant heating rate of 10 K ritiwas maintained in the pyrolyzer section and the sample
washeated from 348 K to 1023 K. The residue yield in the ceramic crucible was weighed
after each experimeniThe HRR was determined using the oxygen consumption
calorimetry and recorded as a function of time and sample temperattotal of five

experimerg were conducted to accumulate data and perform statistics.

3.1.3.CAPA Il Experiments

CAPA 1l experimental setuis described brieflyn Section2.1.4 Samples of Tuff
RE for these experiments we rcadianeterandl.27r , a X
cm thickness. The front, flat surface of the sample was installed horizontally in the sample
holder and was exposed to a specific heat flux imposed by a conical heater. The sample
disks were cut from the same panels of IRfE  wh i ehusedvier large scale
experiments. The aluminufoil faceron Tuf-RE was compl et el y remove

sideand placed on the copper foil teaintain a good thermal contaBixperiments were

conducted at external heat flux of 70 kWA and 40 kW nt.

The test matrix and the condition of the aluminimih faceron the front side are
shown inTable3-1 and the physical dimensions of a FRfE s ampl e wi t hout
faceris given inTable3-2. The presence of fofacerdid nothave a significant impact on
the density of Tu#R E .The impact of having the paintéoil facer and high emissivity
paint during thermladecompositiorwas investigated the high emissivity painised for
two samje caseemulated the soot deposition in large scale fifesee sample conditions
were investigated sample with no foifacer(l), sample withpaintedfoil facer (ll), and

sample without a foilacerand half side painted black (lII).
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Table3-1. Test matrix showing number of CAPA Il experimentson RIE s amp |l e s

with specificfoil facer condition.

Foil facercondition
Heat flux Sample (No foil) Painted foil| Half painted sample (no foil)
)] (n (11
40 kW/m 2 - -
70 kW/m 3 1 1

Table3-2. Physical properties and dimension of TRIEE s amp | e fadet(Dh n o

Tuff-RE sampl e fader(hh
Initial diameter (m) 7 x 102
Initial thickness i) 1.28 x 1°
Mass (kg) 1.6x 10°
Initial measured density (kgAn 32

3.1.4.Cone Calorimeter Experiments

Cone calorimeter experiments were conducted on-Rlf s ampl es t o
the heat release rate of the samples burning in air with a continuous flantee@sample
surface. The presence of flaming combustion in an air environment in cone calorimeter
imitates condition of a burning sample covered by the flame observed on a largélszale.
cone calorimeter experiments were performed to investigate dtent@l impact of
blowing agent on the burning rafthese samples, being thicker than the CAPA 1l samples
and the milligrarrscale samples (where the blowing agent was potentially lost due to
cryogenic grinding), were better candidate to understand ingdaitte blowing agent

trapped inside the polymer matrix.

Cone calorimeter tests followed the procedures suggested by ASTM[4]354

standard Tuff-R E s a nhpving 254 cm thicknesswithout any foil facer coverings
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were cut from the continuous pantddave aross section area 0 cm x 10 cm. Samples

were measureatweigh 7.6 = 0.6 g. The samples were placed in an aluminum foil holder
which protruded abouit.2 cm above the sample surface to avoid any loss of saitnpleg

the test The aluminum holder with the sample was placed onto a Kaowool PM ceramic
fiber insuldion board covering thmass balancplatform The sample holder was placed
under a conical heater whose bottom surface was 2.54 cm above the sample surface, which
is the same distance at which the external heat flux from the conical heater was measured
before a testThreetests exposed the sample surface to an external heat flux of 50°kW m

for about 250 s or until continuous flaming ceased for at least Bfies.each test, the

sample was weighed separately to determine the char yield.

The heat releasmate was measured by oxygen consumption calorimetry, where a
paramagnetic oxygen sensor was used to monitor the changes in oxygen concentration
throughout the test duration. The sensor was calibrated against a referencndfair
with 21.9 % Q on eab test day The Gfactor for the cone calorimetea calibration
constant used to quantify baseline correcfmmHRR measurementsjas determined by

using a controlled burner supplied wihknown quantity omethane fuel.

3.2. SmallScale Experiment Results

3.2.1. TGA-DSC Results

The mass loss ratéheat flow mass fraction, and integral of heat flow, all
normalized by initial massveraged ovetheset oftenexperimentdor the heating rate of
10 K min! are shown belowin Figure 3-1. The error bars shown here represent two

standard deviations of the mean obtained from ten experimdiits. thermal

106



decompositiorof the TuffRE foam begins at around 410 Khe peak mass loss rate is
seen around 600 K which corresponds tagda@&xothermic heat flow observed in the DSC
curve. Multi-peak decomposition and an onsetegbthermic reactiomround 580 K is
characteristic of a PIR foaid82]. Larger error bars are observed at higher temperatures
in the case of heat flow due ligheruncertainty and fluctuations of the baseline data at

higher temperaturds the STA apparatusResidue yield after the experiments ved®ut

32+1%.
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Figure3-1. STA experiment datbor Tuff-RE heatedat 10 K mint

The heat flow observed during the constant heating of the residue in inert
environment is shown belom Figure 3-2. The near steady heat flow across the entire
temperature range highlights the thermal stability of the residue structure. This heat flow

data was used to determine the specific heat capacity of the residue for the development of
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pyrolysis modellt is important to note here that the heating rate of &kas time to reach
a steady state, and the heat flow data for the residue reflects this betmagphe initial

peak at the beginning does not correspond to a degrading residue.

Figure3-2. DSC Heat Flow of TUfRE residue heated at 10 K mifn inert N

conditions

Mass fraction of TufiR E pyrolyzedin an aerobic conditions at 20 K mitnis
shown inFigure 3-3. The glas fiber content, whichvas assumed toorrespond to the

unreacted residue left behimdthese testavas 4.1 + 0.3 %.

Figure3-3. TGA mass fraction evolutonof TWRE heated intair
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