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A quantitative understanding ofremans i nt ut
largely an unsolved challenge More specifically, the relationship betweenthermal
transporeandthe resulting chastructurdas not well understoadmprovedpyrolysis models
for intumescent materials are necessargdvancehe fields offire modelingand material
development To aid in this endeavora systematic nthodology to parameterize
comprehensive pyrolysis mogébr charring and intumescent materials is preseReyid
poly(vinyl chloride), flexible poly(vinyl chloride) Bisphenol A poly(carbonate),

poly(ether etheketong, and poly(vinylidene fluorideyereanalyzed in this work.



First, thermogravimetric analysis andifferential scanning calorimetry were
employedsimultaneousiyto characterize the kinetics and thermodynamics of thermal
decompositionMicroscale combustion calorimetry was utilized to parameterizieghis
of complete combustion gfaseous pyrolyzateShermakKin, a numerical pyrolysis solver,
was employed to inversely analyze all milligracale testsA multi-step reaction
mechanism, caisting of sequential steps, was constructed to caplilsbserveghysical

changesand chemical reactions.

Gasification tests were conducted on 0.07 m diameterstiaged samples using the
newly developedControlled Atmosphere Pyrolysis Apparatus @l parameterize the
thermal transport within the undecomposed material and developing chaAageently
expandedrersion of ThermaKinThermaKin2Ds, was employed to inversely model the
gasification experimental resulfBhe model accounted for spatyation-uniform swelling
of the sample andhe ensuing changewithin the thermal boundary conditian¥he
resulting twedimensional modslwereshown to reproduce the experimersaiple shape

profiles,unexposed surface temperatyasd mass loss ratestivexcellent accuracy

An analysis of the char pore structure was also conducted to determine the pore size
distribution and char porosityzurther analysis enabled the mean, median, and velume
weighted mean pore diameters to be computed from pore sizibations. Quantitative
relationships were subsequendgveloped between relevant thermal transport quantities
and thec h aphysisal structure. It was determined thatttieyrmal insulating potentialf
the fully developed chawas related tahe numbker of pore wallgositioned perpendicular

to the direction of heat flowr' herefore, designingharring polymers capable of producing



many small pores will aid in the development of intumescent materials with an enhanced

thermal insulating potential.
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The straipt and curved solid lines represent the 1D and 2D model results,
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tests conducted at 40 kWanThe shaded area indicates the profiles uncertainty.
The solid lines represent the simulated char thickness from the 1D model of PVDF
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Figure 5.23: Averaged experimental and modeled (a) bottom surface temperatures and (b)
MLR data obtained for PVDF (6.30x%0n thick) gasification tests at a heat flux
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of 40 kW m?. The simulated results are obtained from a 1D model of PVDF
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Chapter 1: Introduction

1.1: Motivation

The widespread use of synthetic polymeric materials in the built environment has
been incresing rapidly over the past several decades. Several key features, inthaling
availability of raw materials for manufacturing, controllable physical properties, and the
ea® and flexibility of processinghake the use of synthetic polymeric materialsabba
substitution for traditional building produdi$]. However, aghe use of these materials
continues to become more prominent in the built environment, there is an urgency to
understand their inherent flammability more completely. A thorough understanding of a
materiafs reaction to fireenables welinformed decisioato ensure adequate life safety in

all engineering design applications.

In general, polymeric materials used in a wide range of common household as well
as very pecific engineered applicatiomgmave well defined fire performance criteria. To
satisfy firesafety regulations, conventional flamegtardants are often employ]. These
flame retardants inhibit the fire growth through several methods: reducing the heat
produced by the pyrolyzing material, reducing the rate of productiogrofygate gases,
reducing the heat flow to the undecomposed matghafmally insulating)and reducing
therate at which the volatile gaseous products are transported to the sample[SuEpce
Each of these methods leasseiated advantages and disadvantages; however, they all

inhibit one or more of the controlling mechanisms of pyrolysis or flame spread. Although



many different flameetardant agents and compounds are used in practice, this study will

focus on the mechanisai char production and intumescence.

Char production is one mechanism that is known to contribute to making materials
more resistant to firgrowth and flame spreadlaterials can be chemically manipulated
in order to increase their propensity to prodaagnrcombustible carbonaceous layer of
residual materia[4]. One method to manufacture charring materials is through the
engineering design of entirely new molecules. Alternatively, ftaet@rdant additives can
be introduced to existing materials in order to initiate tteelpction of a char layer and
intumescent behavior during the pyrolysis process. In Bo#nariosit is crucial to
understand the mechanismmswhich the char layanhibits a materials reaction to fire in

order toadequately desigior each specific matil application

Char formation in polymeric materials, whether newly synthesized compounds or

existing materials with additives, generally have a chenaindbr a physical aspect to

their performance. The chemical aspect of char forming fleetegdans is due to the
retention of carbon through dehydration during pyrolj&ig]. When the carbon metules

are effectively retained in the residual char, it reducesatheuntof pyrolyzate gases
released to contribute to the combustion process, which ultimately leads to a reduction in
the heat of combustion of the pyrolyzate gases perinitidl massof the solid sample

The formation of a char layer, on the other hand, has also been shown to provide a thermal
barrier to thaundecomposerhaterial underneats,6]. The formation of @hermal barrier

serves to mtect the underlying polymer below by preventing increased thexxpalkure.

Lastly, it has been found thathar layemayserve as ahysicalbarrier to mass transport



[719]. If the mass transport is inhibited, the rate at which combegidses can escape the
thermally decomposing material is reduced, which improves the overall fire &gfety

limiting the delivery of volatile gaseous products to the flame on the sample surface

Although many flame retarding agents and compounds haveshegvn to perform
very well inreducing a materié flammability, several health and environmental concerns
have been identified. Polyrominated diphenyl ethers were once one of the most
commonly used flameetardants; however, their persistence in ¢éngironment, high
bioaccumulation potential, and possible toxicity led to their pbase much of the world
nearly twenty years agt0]. Severabhdditionalstudieq11i 13] have linked various flame
retardants to possibly contributitmpapillary thyroid cancer, liver and kidney lfiaaction,
behavioral modification, and gastrointestinal lesidhis important tanotethat the risk of
health effects from exposure to chemical compounds is a combination of the intrinsic toxic
potential and the actual exposure to the compound [1gBIfTherefore, thdlame retardant
industry has since turned its attention to alternative methodsiding the improvement
of charring materials) to meet flammability standards while also promoting positive healt

and environmental impacts.

Therefore, the design of polymeric materials that satisfies firtysa¢gulations
while also promoting positivedalth and environmental impaaessargely the focus of the
materials engieering and fire safety communitie$o design advanced fire resistant
charring polymers, it is important to understavidch characteristics and properties of the
char layer provide the most efficietitermalinsulating potentiato the undecomposed

polymer below. A thorough understanding thie coupling between the char growth



dynamics and the rate of formation of flammable gases is also of great importance. It is
vital to have a quantitative understanding of the heat and mass transport of thermally
decomposing charring and intumescent sdiidguidethe design of next generatidine
resistant polymeric materials. This quantitative understanding of pyrolysis of charring and
intumescent materials significantly depends on the foundation of numerical pyrolysis

modeling.

1.2: Background

1.2.1:Review ofPyrolysis Model Development

Over the past several decades, tremendous advancements have been made in the
development of numerical fire models. A significant portion of this work is related to the
gas phaseactivity of the fire problemHowever, it is generbl recognized that the
condensed phase pyrolysis plays a critical role in the ignition and early stages of fire
developmenfl5]. Kashiwagi15] presented a thorough review of the critical chemical and
physical mechanisms that drive the condensed phase combustion of potpewfieally,
the complexity of the prodiion of pyrolyzate gases. Therefore, many mathematical
pyrolysis models have been developed to obtain a more thorough understahding
condensegbhase pyrolysis. Several revietudies[16i 18] were @nductedo identify the

stateof-the-art in pyrolysis model development.

In general, pyrolysis models may be classified into two categories basediaus
simplifying assumptionsithersimple thermal models or comprehengwyeolysismodels.

One major distinction is that theal models rely on the assumption of infiritge reaction

4



kinetics while comprehensive models account for firdtie reaction kinetics. Therefore,

the thermal decomposition process in thermal models begins abruptly when the
temperature reaches a critidgareshold The application of the critical decomposition
temperature, however, greatly reduces the model complexity to a single energy balance
equation. Thissimplification effectively decouples the thermal degradation reaction
kinetics from other physat processes. Comprehenspygolysismodels, on the other hand,
incorporatdfinite rate chemical reactionghichis achieved by solving partidifferential
equationdor heat and mass conservation to account for user prescribed reaction kinetics.
The irclusion of finite rate chemistrgnables the model twapture thermal transport as

well as chemical reaction rate&lthough demanding more computational power, their
ability to represent all relevant physics has made comprehensive pyrolysis models a

desiable option fothe vast majority ofire simulations

As computational power has continually increased, several generalized numerical
comprehensive pyrolysis solvers have been developed. These solvers are capable of
predicting the gasification rate of @yyzing materials accounting for finiteate chemical
reactions. The mogirominent and commonly used are gwid-phase modelfrom the
National Institute ofStandards and’echnology (NIST)Fire Dynamics Simulator (FDS)

[19], Gpyro [20], and ThermakKin21]. It should be noted that the tefimodeb , when
used in this studyepresents both the modeling toatswell as thepecific sets of material

properties.

The FDS condensgohase mode[19] was developed aNIST. Conservation

equations of species, energy, and mass are solved to piteelictass losgate of a
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pyrolyzing material Condensegbhase chemical reactions are defined with Arne

reaction rate expressions to allow mualbimponent, ntorder reactiorschemesAll gases

produced irdepth by thermal decomposition are instantaneously transported to the top
surface; therefore, mass transpuaithin the condenseghases neglecteavithin FDS The

heat equation takes into account conduction in the solid phase, heats of reaction, radiation
absorption,andil e pt h e mi ssi on -folfuxda dmoadtei lo ni.s Ae niipt|woo
for the radiationheat transfer botinto and out of theyrolyzing sample.A primary

advantage of thEDS solid phase modg its ability to becoupleddirectlyto the FDS gas

phase solver and can be applied in a wide range of scenarios.

Gpyro[20] is an opersourcefire modeldeveloped by Lautenbergand Fenandez
Pellocapable of simulating wide range of scenarios. Temperature, species, and pressure
distributions inside the sample are determined by solving the corresponding conservation
equations for both the ggéhase and condensptiase. The chemical md&ons are
described in Gpyro with Arrhenius reaction parametetsereboth heterogeneous and
homogeneous reactions can be captured. The heat equation takes into account conduction,
heats of reaction, convection from the-géi®se to the condensptase materials, and in
depth absorptiorThecontribution fromn-depthradiationemission is negttedby Gpyra
The heat transfer between the -gpiimse and condensptiase can be calculated using
either thermal equilibrium or twtemperature (neequilibrium) formulations. The gas
phase momentum i s r eprGepysoelsd hagdthe capabititgto ear cy 0

coupled with the gaphase solver from FDS, making this numerical tool very versatile.



ThermaKin was developed by Stoliarov and Ly@i] at the Federal Aviation
Administration (FAA). Overall, ThermaKin is formulated similarly to the FDS condensed
phase model and Gpyro; however, the treatment -ofepth absorption is one notable
difference. In ThermaKin, the external radiation is absorbed within a g$sibly in
depth)element that is selected at each time step using a random absorption algorithm. The
BeerLambert distribution of absorbed energy is applied as a probability démsatyon
to guide this selection. Radiative heat transfer inside the samenggutedby applying
the radiation diffusion approximatiof22]. Both first and secondrder (two solid
componentsArrheniusreactions can be definethermakKin has thability to define most
of the thermephysical parameters of a component as a function of temperature using a
flexible polynomial formulation.One important feature of Thermakiwhich is also
included in the FDS condensptiase model and Gpyro, is the ability to account for the
expansion and contraction of pyrolyzing objgatisumescence)n this work, ThermaKin
is employed to develop pyrolysis moslébra collection of commnly usedcharring and

intumescent polymers. Details of the ThermaKin framework are providétapter3.

The FDS condenseaohase model, Gpyro, and ThermakKin all require a complete set
of matrial properties as model input parameiarsrder to predicthte rate of gaseous
pyrolyzate production durinthe pyrolysis of solid materials. These parameiacdude
kinetics and thermodynamicsof thermal decomposition as well éisermal transport
propertiesThe dependence upon a complete set of parameterdioftesthe use of these
generalizedcomprehensive pyrolysis modelds increasingly complex materials are

formulated for specifibighly-engineere@pplications, a new set wiput parameters must



be determined to enable these sophisticated models taerasiequate estimates of the

ma t e rburrang i@ats.

To develop a comprehensive set of model input parametersumber of
experimental techniques have beersigieedto estimate material propertigbrough
independent experiment3hese experimental nietdologies often rely on smeadtale
laboratory experiments to reduce cost and complexity; however, they must be designed
carefully to ensure adequate representation of thesdale behaviorEach of these
techniques requirewell-defined boundary condiins to ensuresecondary behavior is
avoided in the parameter extractignocess Many of thesemethodologiesemploy
milligram-scale experiments to determine the kinetics and thermodgsarh thermal
decomposition as well asriousgramscale experiment® characterize thassociated
thermal transpori review of the studies implementing these methodolagiestlined in

the following sections.

1.2.2:Review ofKinetics andThermodynamicef Thermaly Decomposing Charring and

Intumescent Mterials

Thermograunetric analysis (TGA) and differential scanning calorimetry (DSC) are
employed to measuredimass loss and heat flow to a thermally decompasimple as a
function of sampletemperature. These milligrastale experiments are employed to
decouple thermaldegradation from transport processes. Conducted in a nitrogen
atmosphere, TGA experiments enable the parametrizatiorkioeaics model to predict
themass loss rate dfiermaly decomposig materialsas a function of sample temperature

DSC enableshe parametrization of the thermodynamio$ thermal decompositioto
8



account for the heat flow in and out of the thermally decomposing sakhpie details on

each of thesmstrumentsare provided in section 2.2.1.

The thermal degradation of a solid mateigahe first step of an unwanted fire event,
such as smoldering combustion, ignition, and flame spread. Therefore, it is of utmost
importance to understand the mechanisms controlling the interactions between the
chemical and physical processes during piisl Additionally,a globalunderstandingf
theresulting volatilegas®us productsis crucial for modeling flame spread. Solid fuels,
when subjected to sufficient levels of external heating, begin thermal decomposition
resulting in the production of vafile gases and, for some materials, a solid carbonaceous
char. The combustion process of charring materials, when exposed to sufficient oxygen,

results in either smoldering or flaming combust{ib@].

Smoldering is a slow, low temperature, flameless form aflegstion that occurs
when sufficientheat ancbxygen arenot present to sustain flamifig3]. It is sustained by
the heat evolved from oxygen directly attacking the surface of the condensed phase fuel,
also known as surface oxidation. During flaming combustion, the flame sheet is believed
to consume all the surrounding oxygg#,25} therefore, smoldering does not occur.
However, surface oxidation can effect on the ignition of certain fuels and ocertonu
consumethe residualchar layer after the flame is extinguishedlthough smoldering
combustion may influence the char formation process, it is outside to scope of this study
and will not be discussed. Flaming combustion occurs when sufficient lyealtyzate
gases, and oxygen are combined at the surface of the condensed phase[ h&jtdried

majority of this study is focused on the thermal decomposition of materials that occurs in



the condensed phase orlgrgely neglecting detailed analysis giasphase phenomenpn
however, the heats of complete combustion are measured and employed to conduct

simplified largescale simulatiosof the combustion of charring and intumescent polymers

Di Blasi[26] authored a review paper compakof a collection to studies addressing
the stateof-the-art of the combustion of charring solid fudiswas found thathe thermal
degradation of wood presents unique challenges, as the structure of the wood is anisotropic
and the burning behavior is dependent upon the grain dirg2é¢rirhe productsfovood
decomposition are often grouped into three categories: char, gas, addrha@nius
reaction rate equations are often employed to compute the thermal degradation by
prescribingglobal kineticreaction schemes as a function of temperature. Di Bl&§i
outlines three reaction schemes commonly used in the literatueest€p global reaction
schemeghat employ a single reaction to describe the totassloss process One-step,
multi-reaction schemasilizing several parallel reactionshichincludes asingle reaction
step for each virgin materidlastly, multi-step semtglobal schemesepresent the most
realistic reaction mechanisrby includingprimaryand secondarseactions that represent
further degradation of the intermediate condefs®mse prducts. Each of these
classifications offer a varying level of complexity aiming to capture both the chemical and

physical aspects of the charring combustion of wood.

Numerically modeling the combustion alynthetic polymers is fundamentally
similar to tha of wood because it first requires a detailed understanditinge kineticsand
thermodynamicef thermal decomposition. These reaction schemest then be coupled

with theheat and mass transfer physics to accurately prédicntire pyrolysis problem

10



Early attempts to capture the kinetics of thermal decomposition were conducted using a
simplified application of firsbrder kinetics to model the-ithepth degradation procg@8i

33]. Wichman and Atrey§34] introduced a simplified method to model char formation
with Arrhenius rate equations by defining the density (a function of temperature)

proportionally to the thermal conductivity.

Lyon [35] developed a similar approach by analytically solving a mechanistic
pyrolysis model for char forming polymers to estimate the mass loss history of burning.
The objectiveof this study was to obtain insight on the fuel generation process of flaming
combustion, but it was constructed on the foundation of the kinetics of thermal
decomposition. The mechanistic model, using a singledndgr rate law (the polymer
decomposethto volatile gases and char), was constructed with the following assumptions.
The first assumption is that primary bond dissociation is thelimatiéng first step. Mass
loss was assumed to proceed through an active intermedattant in a steady stat
Primary gas and char production were competing processes whose magnitude and rate
constants are large compared to successive products and rate processes. The last
assumptiong that all modeling conditions we performed in an anaerobic environment.

A critical finding in this studywas that the simple analytical solution for peak mass loss
rate during steady heating shedthat the maximum fuel generation rate decrééisearly

with an increasg char yield. Additionally, the peak mass loss rate wasidoto be
inversely proportional to the square of the peak decomposition temperature. Therefore, it
wasconcluded that the mass losss physicallyrelated totemperature and heating rate

dependent product yields.

11



A mathematical model developdy Watt et & [36] was utilized to explore the
influence of char formation on the ignition of polymeric materials throutitearetical
numerical approach. A necompetitive reaction scheme (the polymer was reduced to char
and volatiles by parallel reactions) was utilized in this study. It was found that, in general,
there was no significant difference between model results whieg competitive versus
norrcompetitive reaction schemg¥]. Due to the formation of the char layer, thewnoé
was changing in time, which lead to a moving top boundary in the model development. It
was found that as theeoreticalchar yield increased, the time to ignition also increased.
Ignition was defined to occur when a critical mass flux through thestowface vas
achieved. It was found thiithe char yield was too largfr a given applied heat fluthe
samples would ot ignite. The lack of ignitionvas dueto the presence of the char layer
prohibiting thermal degradation, which ultimately preventbé critical mass flux for

ignition from beingachieved

Staggs[38] proposed a theoretical model to account for the mass transport of the
condensed lpase material durinthermaldecompositiorthrough the introdetion of an
advection term. Theadvection term which was often neglected, assumed that the
condensed phase material would instantaneously fill the void left by the volatile gases
egcaping the ondensed phase. Such calculations veerllg possible when using a finite
rate kinetics model which accoextfor the indepth degradation of the material instead of
strictly surface decomposition. It is important to note that this model neglected tHe speci

mechanism of gaseous transport. The aim of this study was to construct a heat transfer

12



model to represent the kinetics of thermal decomposition. ddusadatiormodel could

then ultimately scale up to predict bench scale tests, such as the comeetgjori

More recently, a studpy Li and Stoliarov{39] was conducted to demonstrate a
systematicmethodology for the measurentesf the kinetics and thermodynamics of
thermal decompositioof charring polymeric materials. This methodology employed TGA
and DSC experiments conducted simultaneously, in the same experiment. A numerical
model wassubsequentlgmployedto inversely analzethe TGA and DSC da to obtain
degradation kinetics and thermodynamitée resulting parametersobtained through
inverse analysisvere shown to reproduce the experimental datagbta high degree of
detail This parameterization methodologyas sucessfully applied to a collection of

highly charring polymers.

The previously describedstudies demonstrate that the kinetics of thermal
decomposition otharring polymers are generally understood well. Methodologies exist
that enable material propertieshie carefully extracted to populate the input parameter set
for comprehensive pyrolysis modeis simulate the kinetics and thermodynamics of
thermal decompositionHowever,these studies employingplifying assumptions that
neglect thermahnd massranspeot due to the physical size of the testhereforescaling
up the scope of the analysis include transporprocessesvithin the modelsrequires

additionalexperimentmeasurement® parameterize the associatemnericalfire models
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1.2.3:Review of the Effeive Thermal Transport within Charring and Intumescent

Materials

In addition to defining reaction kinetics and thermodynamics, a comprehensive
pyrolysis model requires quantification of thermal transport paramdiany early
studieswere conducted in & oxidative environment with relatively poorly controlled
boundary conditiondt is widely assumed thalé oxidizer in these studies svarimarily
consumed at the flame sheet of the associated diffdisime[24,25], thereforethe effects
of oxidation wa assumed tdoe negligible during thermaldecompositionHowever, the
resulting fame which was sustained on the sample surface provided additional complexity

in the experimental boundary conditions.

To understand the rate at which heat is transferred through the congéased
materialFour i er 6 s | aw theprodaceddahe matenantitermal tanductivity
and temperature gradient along the direction of heat tranisfefjen utilized. Thermal
conductivity is a measure of the rate of thermal transport through a solid or condensed

phasemateral , as def i wgivkenhby gZquiond.fdd]ler 6 s L a
T

q,I:i .kp'_ (11)
2N

where Gi is heat flux per unit are&,is thermal conductivityT is the sampléemperature

andx is the Cartesian coordinate in then direction.

Measuring the thermal conductivibf a solid material that does not degrade under

external heating is relatively straightforward. The traditional guarded hot plate experiment
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for examplejs a common method to evaluate the thermal conductitysolid[41]. In

the hot platemethod, a saple material is plackon both sides of a guarded heater. An
additional heated enclosure, maintained at the same temperature as the internal heater,
ensures that there are no heat losses on the backside of the test specimen. The temperature
of the samplas monitored at several locations to obtain a measure of the temperature
gradient. The thermal conductivityssbsequentlgomputed in accordance with Equation

1.1. The hot plateapproach has proven to work well for many matemdigch maintain a

constamh volume whileundergoing heatingHowever, guarded hot plate experiments are
typically not valid for intumescent materials duehe substantial growth in volunvénen

subjected to thermal exposutkus,alternative approaches must be identified.

As a esult of difficulties with the guarded hot plate approach, Anderson [@24l.
developed an alternative praktge to estimate an effective thermal conductivity of
intumescent charsThe term effective thermal conductivity, in this study, is used to
describe the combination of the matespécificthermal conductivity as well as potential
negligible contributions from propertiessuch as density, expansion, .efthis new
procedurdgo measure the effective thermal conductivélyes on the temperatuoé smal
samples as a function of time. The temperature historiesnassured by a Type K
thermocouple attached tihe center of the back surface of the sample. The samples
consisted of an intumescent coating applied to a metal substrate, which was exposed to a
radiant heat flux of approximately 115 kW?incidentto the initial sample surfac@he
appliedheat fluxset pointis consistent with aviation fuel fires detailed in another study

[43]. The associated heat transfer model was based on a simple model that considered the
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char to be a porous solid with nos@ctive heat transfer (the pores are sufficiently small).
Additionally, it was assumed that the heat absorbed by the char and radiation transfer
through the char was negligible. Regardless of the complexity of thecphgssociated

with intumescencgea smple model for conductive heat transfer through a porous char was
developed to provide an estimate of the effective thermal conductivity for intumescent

coatings applied to a metal substrate.

A similar study estimating the effective thermal conductivitjpytumescent coatings
was conducted by Bartholmai and Schaddl]. The method consisted of measuring the
sample temperature while conducting cone calorindy and smakscale furnacé46]
experiments. The cone calorimeter is a besadle instrument based on a standardiest
which is widely used to measure material flammability properties under semi controlled
conditions. The cone calorimeter is capable of measuring properties such as time to ignition,
critical heat flux for ignition, heat release rate (HRR) through the oxygesungstion
principle, mass loss rate (MLR), and heat of combustion of the pyrolyzate §asais.
scale furnace tests expose a sample to a radiant heat flux from an oil Wwhileer

measuringurface temperatures

The test methodmployed by Bartholmai arfsicharte[44] for assessigthe thermal
performance of intumescent coatings is outlined by the following steps. First, the
intumescent coating was applied in varying thicknesses to steel test plates with Type K
thermocouples attachdad the surfaceof the steel plateThe sample Hder was then
insulated with vermiculite to minimize heat losses from the sides and back. The external

heat was applied to the samples via an electric conical heater from the cone calorimeter
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(30, 45, 60, and 75 kW ) or the oil burner inside the smattale test furnace following

a standard temperatutiene curve[47]. The sample holder remained static during the test,
resulting in the sample surface receiving a-oaiform heat flux as the surface expanded
[48]. Thesurfacetemperature was recorded as a function of time from the thermosouple
attached to the back center of the steel plates for the test duration of 9@imiti.
difference simulations were subsequently employed to analyze the experimentéhdata.
temperature data served as an input to the finite difference scheme iroaraleutate the
effective thermal conductivity of the intumescent coatiritge computed effective thermal
conductivity was assumed to capture the effects of the specific thermal conductivity, heat

capacity, density, expansion, and chemical reactions, moaisiy.

The residualields obtained fronthe cone calorimetryexperimentsvere found to
decrease with increasing levels of applied external heating. Thealegields were also
found to decrease with decreasing applied thickness of the intumesceng.ctiatias
found that although there were apparent differences between the two test methods, both
tools indicatedthat the applied intumescent coatings greatly restlithe rate ofthermal
transport to the steel substrate. However, one of the major lionisati this study was that
it completely neglected a detailed resolution of chemical processes or mass transport that
may occur duringyrolysis Instead, it strictly calculated a single average effective thermal
conductivity for the coating being evaludtéeglecting detailed analysis of a materials
thermal decompositioris arguably the main drawback of any traditional thermal
conductivity measurement technique when applied to charring materials. These traditional

techniguedo measure an effective therh@nductivity are unable to isolate individual
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components at elevated temperatures. Additionally, many traditional thermal conductivity
measurement techniques require vagfinedconstansample shapes to provide adequate
thermal contadb the experimeial equipmentwhich is generallynattainabldor charring

and intumescent materials.

Stoliarov et al[22] conducted a study that sought to quantitatively understend t
pyrolysis ofBisphenolA polycarbonate and poly(vinyl chloride) through experimental and
numerical techniques, including the temperature dependence of thermal conduktivity.
onedimensional comprehensive pyrolysis model, ThermaRih|, was employedio
simulate the results of cone calorimetry tests of the aforementioned charring and
intumescing polymersThe two primary objective®f this study werd¢o understand the
best method to modéhtumescent char and to determine the mddsdnsitivity to the
uncertainty of various input parameters. Stoliarowet al. inversely analyzed
thermogravimetric analysis (TGA), microscale combustion calorimetry (MCC), and cone
calorimetryexperimental datto determinematerial properties to serve as modeling input

parameters. TGA and MCC are described in detaéstion 2.2f this manuscript

To account for the growth of the intumescent chars, ansudel was required
Therefore, asimple approach peiitting the chemical reactions to define the expansion
was adopted. In this approach, it was assumed that the volatile gases did not contribute to
the material 6s expanded vol ume. It was o0b
component was defined bye product of the density and thermal conductivity, which were

found to be inversely proportionaloTdecrease th@aumericalcomputational cost, the
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density and thermal conductivity were scaled such that the volume of the sample during

the simulation remaed constant.

The second critical portion of this stutly Stoliarov et alrevolved around the
sensitivity analysis of the input parameters. According to a previous ari{dBjsithe peak
and average heat release rates are most sensitivacttainties in the kinetics of
decomposition, heabf decomposition, char yield, and effective Isezt combustion of
pyrolyzate gasestoliarov et alruled out uncertainty in the char yield and effective fieat
of combustionin this study because the were measured very carefully in novel
experiments. The Arrhenius reaction rate parameters were varied drastically and were
found to produce no significant impact on the final modeling results. This observbéion
negligible impact from the reaction egbarametermdicatad that significant differences in
the parametrization of the kinetio$ thermal decompositiodoes not always translate to
significant differences in theimulatedheat release rate. The uncertainty in the heats of
decompositionhowerer,were found to have a profound impact on the final simulated heat
release rategrofiles Therefore, it was determined that the heats of decomposition must be

determined very carefully to produce reliable heat releas@madéctions

Although the oe-dimensional model was successfytigrameterize to reproduce
the cone calorimeter experimental data, the authoted several limitations to their
proposedmethodology. The low accuracy of the decomposition thermochemistry can
greatly alter the simulatl outcome. It was also noted that large discrepancies might be a
result of the inability of the omdimensional model to capture the thiimensional

processes of both thievelopment of thentumescentharlayerand thestructure of the
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flame itself. Therefore, the authors allude to the necessity of a pyrolysis model of higher

dimensionality to gain insight into the formation of intumescent char.

Medium density fiberboard (MDF), a relatively newer wood material that is a viable
replacement for traditiaal wood products, has gained significant attention in the fire
community. Due to the homogenous nature of MDF, it has been found to be an excellent
candidate to provideeliable experimental results for improving pyrolysis models
charring materials. Ra#is from a study conducted by Li et f80] demonstrate that the
mass loss rate obtained from cone calorimetry digplawo distinct peaks; similar
behavior was also observed by Elliett al. [51]. The vdley in between the peaks is
believed to be associated with a char layer forming shortly after ignitioich shielded
the virgin layer andltimately reducd the mass loss rate and the burning behavior relache
a quasisteady state region. The second peak only present when the back of the test
specimenwas insulatedwhich was believed to be associated with the thermal transport
reaching the back insulation and therefore resulting in an increased thermal wave to the

decomposing sample.

Potential limiations of each of thespreviousstudies are related to the testing
instrumentation. The testing equipment in these studies are exdelbstto provide
qualitative comparisonsof a materials fire performancehowever, quantitative
measuremenisften inorporatemany secondary effectsuych as oxidation) resulting from
the poorly defined boundary condition$ the experimental configuratio herefore, it
was understood that spatized experimental techniques aegjuired to decouple these

secondary efigs responsible fomisleading resultsThis critical finding lead to an
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understanding thaheboundary conditions within the testing equipmmeuist be very well

defined throughout the entire experiment

To control the boundary conditions more carefuByeral benctscale gasification
experiments have been developedd gasification apparatus enables the thermal
decomposition of materials within an anaerobic environmémis eliminating the
complexity of surface oxidation and a sustained flarhese insfuments include the NIST
gasification apparatys?2], fire propagation apparatus (FPPB], mass loss calorimeter
[54], and controlled atmosphere pyrolysis apparatus (CAPY3) These techniques enable
the simultaneous measurement of sample mass loss and sample temipeaatanaerobic
environmentSeveral methods have beeoposed to determine a complete set of material

properties based on the datatained fronthese benciscalegasificationtests.

Chaos et al[53] employed aradvanced optimization scheme (Shuffled Complex
Evolution (SCE) approach) to determine the material properties from pyrolysis data
collected inthe FPA. The SCE approachhasthe advantage of considerably reducing the
iterations necessary to obtaining an optimwand providing more accurate predictions
compared t@a GeneticAlgorithm. The onedimensional pyrolysis model developed here
was based on the principles of Gpy20]. The modelcoupled withthe SCE approach
was enployed to estimate the parameters of three practical mateRalg(methyl
methacrylate)PMMA), singlewall corrugated board, and chlorinated polyvinyl chloride.

It should be noted #t only MLR data were used terget data. The surface temperature
datameasured with an infrared pyrometer were not used due to the unknown surface

emissivity. The temperatwgependency of piperties was not considered. The

21



combination of the model and optimization schegredicted the MLR data of the tested
materials expad to several heat fluxes very wélbwever, it was shown that the obtained
model parameters may not be representative of physical and chemical properties and thus
the extrapolation to scenarios outsttle calibration conditions are unjustifiab]20,56]

This study highlights the necessitydesign an approach thatnyield physically realistic
parameters that descrilaemateriafs response to conditionsoth within andoutsidethe

calibrationscenario

Li et al.[55,57]conducted a study to develop pyrolysis models for charring polymers.
The study sought to provide provements to the previous approach presented by Stoliarov
et al. [22], however, several limitations were still present. A similar methodology was
presented which emploglanilligram-scale experiments to characterize the decomposition
kinetics and thermodynamic#A newly designed graracale controlled atmosphere
pyrolysis apparatus (CAPA) was utilized to collect mass loss rate and surface temperature
data in an anaerobic @¥inonment instead of cone calorimetry. Anaerobic conditions were
utilized in both milligram and gramscale experiments to simulate material degradation
under a laminar flame sheet. However, several of the materials experienced significant
shape changes duo intumescence, which made it impossible to control the oxygen
concentration at the top sample surface.rétoee, thetesting apparatus permitted excess
oxygen to be presérabove the top sample surface whieliminaied the anaerobic
conditions when th sample experienced significant swelling, ultimately resulting in
sustained flaming. All experimental results wameerselyanalyzed using the ThermakKin

numerical framework
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Several notable limitations of the CAPA experimeatsd a onedimensional
modelng framework were revealed when applied to highly intumescent materials.
Substantial swelling of the materials during decomposition presented significant
uncertainties in the incident heat flux on thp sample surface. It was also found that the
intumesent layer was significantly neone-dimensional, whichauld not be captured by
the onedimensional modeling framework. Additionally, as the sample surface expanded,
the anaerobic conditions were no longer valid which made it impossible to rely on a
significant portion of the experimental data. Therefore, this study concluded the need for
improved experimental results aadhigherdimensionality pyrolysis model to capture the
physics of intumescent thermal decomposition. The authors also noted that itomight
required to include some additional solid mechanics and edge effect corrections to

extrapolate the modeling results to larger length scales.

Most of the previous studies focus on developiylysis models of pure polymer
with effective propertiedHowever, he authors failed to account for thgecific impact of
the thermal transport within the porous char structiself. As the demand for more
effective and environmentally friendly flanmesistantengineered plastics increagés],
it is crucial to extend this methodology ot only account for the pyrolysis of charring
and intumescent nterials with a higher degree of accuracy, but it is also vital to understand
the impacts of the h a physisal structuren the heat and mass transfer during thermal

degradation
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1.2.4:Review of Char Gowth Dynamicsand theSpecific Thermal Transportin Porots

Media

To understand the i mpacts of the chards
during pyrolysis, @&ollection of the cornerstone experimental and numerical studies related
to polymeric char formation and intumescence are presedbedformaton is desirable
because it has been shown to reduce the flamityatilmaterials. Intumescenca term
referring to growth or increase in volume as a result of hefdig is alsoqualitatively
understood to reduce the maaéflammability. Organic intumescent materials consist of
the following four critical chemical components: a carbon donor or char former, an acid
donor or catalyst, a blowing agent, and a birj@@}. Thefollowing studies experimentally
and numericallyevaluate the methods in which tlerhation of a char layer reduces the

rate of heat and mass trangfi@ring pyrolysis of charring and intumescent materials

One early descriptioof the heat transfer within an intumescent system is presented
by Anderson et a[61]. It was found that when an external heat source was applied to the
intumescent system, it was initially absorbed by the heat capacity of the ctsih@ince
the thermal capacity of the system had been reached, the filler components activated which
initiated the formation of a hydrated solithe hydratiorreaction continued to absorb and
dissipate some of the incoming heat flux. A viscoelasti® stats then achieved ltlge
molten material, which trapdgtie gases from the blowing agent and ultimately resulted in
the intumescent process occurring. Once the proper sequence of reactions took place, the
char acted as a thermal barrier becausesddw thermal conductivity. Thgraphitic char

layer, upon heating, will often begin toradiate a potentially significant amount of energy
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back to the surroundings. The gases formed during the intumescent process can also

contribute to transporting thermalergy away from the substrd&2].

Staggs epanded a previously developatbdel [63] to explore the modes of heat
and mass transport in a developing char |1§4}. In this study, gas transport through the
char was model ed o bewlunmegvas@ssumedtd@ remaln aowstanta n d
Heat transport was assumed to occur via bulk conduction through the char, convection by
the gas flowing through the char, and radiation across large pores at high temperatures;
however, conduction was assumed thetpoominent. To model conduction heat transfer,
an effective thermal conductivity was prescribElde effective thermal conductivity value
was defined based on the two extremes of a composite solid being bounded between two
thermal resistors in either @dliel or serieg65]. However, the actual values for real chars
was assumed to lie somewhere in the middle of the uppkloarer theoretical bounds.
The resultingvalue could be computed based on a study which used a numerical finite
element method to estimate the effective thermal conductivity for-thneensional voids

from a twoedimensional simulatiof66].

A critical finding in this studyby Stagggd63] is related to the heat transfer at high
temperatures. It was found thahen the char waat high temperatures, radiation heat
transfer across the vadegins to become more dominant than conduction. Kantorovich
and BarZig [67] found that radiation across pores must be accounted for when the char
temperature is above 1000 K.similar behavior was also observed by Staggs g68l.
and Di Blasi[8,69]; at higher temperatures, the effective thermal conductivity is augmented

to account for radiation diffusion as a result of highgeratures and high porosities.
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In work previously conducted by Stoliarov et f2], heat transfer within the
intumescent char was assumed to be transported throbghn eitnduction or radiation.
The resuing heat transfer parametavien only considering conduction were found to be
too high to be physical meaningful. Therefore, the radiationnsodbel, utilizing the
radiationdiffusion approximation[70], was employed for the stud¥mploying the
radiationdiffusion approximatiortiead to an important analysis that described the char as
being a stack of thin, dense, highly conductesed highly absrptive plates separated by
wide, low density, low conductivityand high transparency gaps.eldnalysis determined
that the thermainsulating potentiabf a charlayef a quanti tative estim
ability to thermally insulate the virgin mate to reduce the rate of pyroly¥isvas
proportional to the number obpe wallspositioned perpendicular to the direction of heat
flow, and no other factorslowever, experimental data is currently unavailabkeugport

this theoretical analysis.

Stag® [71] employed a purely numerical approach to estimate the thermal
conductivity of intumescent char§he effective thermal conductivity of fully expanded
intumesent charswas evaluatedvith a direct numerical simulationtilizing a finite
element method. The effective thermal conductivity was mentioned to be dependent not
only on the porosity but also on the shape, spatial distribution, and pore size of the
intumescent char. The objective of this study was to estimate the-dimeasional
effective thermal conduiwity based on a twaimensional cross sectional image of the
actual char. Although several other similar studié$s72,73]have been performed using

finite element methods to estimate the effective thermal conductivitaradus porous
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solids, Staggaimedto further that understanding by introducing miparous structures
into the model.Advanced imaging has shown pore diameters ranging from several
millimeters all the way down to several micromsipporting the necessity of including

micro-porous guctures in the model

The model was based on physical measurements taken from fully developed char. It
was found that the majority of the visible pores have an aspect ratio in the rangetof 0.75
1.25. Visual inspection of the char also determinedtti@porosity (ratio of the volume
of the voids to the tal volume) is approximately 30 td0%. However, further
investigation employing helium pycnometry andkbdensity measurements revealbdt
the actual porosy was in excess of 90%, which sva&onsstent with the observed
expansion ratios of the char layer. In another study, Staggq@8Jdlound the expansion
ratios to be higlton the order of 10 or morand the resulting chars were therefore highly
porous, with lav effective thermal conductivities at room temperature. Therefore, it was

apparent that a wealth of potentially critical information is not visible to the naked eye.

To accommodate the complexity of the microscopic char structure, a finite element
model was developed utilizing a highly segmented black and white char image as a
reference. The model, using appropriate boundary conditions, solved the steady
temperature equation and employed a steady heat flux for estimating the effective thermal
conductivity.An assumption was made that the tdimensional porosity (ratio of the area
of the voids compared to the total area) is directly equal to thedhmesional porosity.

An estimate of the thermal conductivity of the solid char was obtained from théskot d

method, and was found to be 0.45 W Kit. A thermal conductivity sumodel, proposed
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by Bruggemarj74], was employed to account for the thermal conductivity of the micro

porous structure.

Although several assumptions were made in the derivation of this moddhctaty
results were obtainednd were found to be in agreement with experimental hot disk
measwements over a bad range of temperatures (298 193 K). The results also
indicated that if the radiative heat transfer across the pores were neglected, the model would
grossly underestimate the effective thermal conductivity; therefore, indicatingrtes
effect attributed to radiative transport. The model providedsas for understanding the
heat transfer within porous chars as well asiecessful method to compare thermal

insulatingpotentialof fully developed chars.

Once the thermal transg submodels were developed, Wwas important to
understand the dynamics of char formatiNinmerically representing the formation of a
char layer in a pyrolysisubmodel, including the dynamics of swelling, is a very
complicated taskA mathematical mael describing the heat transfer and expansion of the
char layer was presented by Staggs e{6d]. The model used a simple competitive
reaction scheme to describe the kinetics of thed@eedmpositiorf the initial gasforming
step of the coating degradation. A char expansiomsotbel was employed tffectively

trapa fraction of the gas thavolved during the degradation process.

The effective thermal conductivity veadescribed to lie between two bounds as
described edier [67,71] The effective thermal conductivity was found to depend primarily
on thechar porosity, porehape and to a lesser extent, paiee. It was dund that as the

expanded char vedormed, the visible porewere mostly oblate spheroids with a wide
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range of sizedNevertheless B r u g gnedelfarmaiidomly distributed spherfgh,67]

with randomly distributed radwas employedo model the char layelt was found that at

high temperatur® the thermal conduction was enhanced by radiation across the pores.
Thereforejt is possible for an intumesceardating subje@dto different thermal histories

to produe different char structures which may hakigeren thermal conductivities.

The modeled results were compat@dxperimental data from furnace tests and mass
loss calorimetry (MLC). MLC is a simplified version of the coaocmeterthat enables
mass loss historiesf samples exposed an electric radint heat fluXo be measured as a
function of time.The mathematical model was found to predict the results of the furnace
experiments successfully, however, struggtedredict the expansion processhe MLC
experiments The discrepancybetween the exgimental and modeled resultsas
attributedto an insufficient representation of ttlearexpansion model. In particular, it was
found that the char layer developmers dependent upon both the heating regime as well
as the local gasification rate and@mt of gas locally trapped within the developing char
layer. As the gasvas produced, th@olume oftrappedgas(and therefore contributing
towards expansion) depends on the viscoelastic properties of the surgoonadrix, the
gas pressure, and the psitg of the resulting intumescent charherefore, even if a

sufficiently complex model were developed, experimental validation would be laborious.

A recent study75] was conducted on the experimental and numerical temperature
developments in sandwiclapels consisting of steel sheetsd polysocyanurate (PIR)
core. Furnace fire tests were carried out to validate a temperature dependent thermal

conductivity model for PIR through numerical heat transfer modeling utilizing a
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commercially available finite element model, ABAQUS]. It was assumed that heeds
transferred through the solid by conduction and through the pores by radiatiorgtmmdu

and convection. However, since the pores were sufficiently small, the convection was
negligible. A series of expressions from Glicksman d7al.78]were adopted to describe

the total effective thermal conductivity of the porous foam. It was found that the model
captured the experimental data well when the total effective thermalaoriiguincreased
exponentially as a function of temperature. Therefore, the temperature dependence of
thermal conductivity in porous media must be taken into consideratiarrder to

accurately predict physical phenomena

Thermal transport within the paus char is of great interesiowever, the transport
of gaseous volatilamay contribute to the dynamics of char formatsrwell In aprevious
study, Stagggd63,79]investigated the mass transport in addition to the thermal transport.
It was foundin this numerical study that the char actually did not offer any resistance to
the flow of gases. Therefore, the particular mass transport proesssibedor the gass
arenot critical in determining the rate of formation of pyrolyzate gases; howeversit wa
found to play an important role in the formation of the char ldyevas determined that
the physics of mass transport were the most sensitive to low heat flux situltEottsthe
volatile gases not escaping instantaneausherefore, specific resed on the bubble

translational velocity would prove useful in modeling slow mass loss conditions.

A similar result for mass transport was discovered by Di BJ&Sj. A one
dimensional transient model was developed to investigate thermal decomposition of a

system containing a steel substrate coated with an intumescent protective layer.
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Independent finiteate reactions were assigh® each component to estimate the kinetics

of thermal decomposition. Mass and heat transfer were assumed to take place across of
material that had an evolving volume as the char layer was formed; this was accounted for
with a simplified mechanism for bbke dynamics and material swelling. The model was
dependent upon two empirical fitting parameters; however, a parametric study showed that
the model was only sensitive to the expansion factor. The fraction of gas retained by the

degrading sample did notestly affect the modeling results.

To further evaluate the performance of a char layer, a simple mathematical model of
pyrolysis of chafforming polymers was develop¢@3]. Poly(vinyl chloride)(PVC) is a
synthetic polymer that vgautilized to provide a basis for the modeling efforts. The
following challenges were identified in this study. The kinetics mechanism of PVC char
formation is complicated and involves many separate intermediate Awdgitionally,
many important model parameters, such as the Arrhenius reaction rate constants, for the
charforming mechanism and the heat transfer properties of the char were not known.
Lastly, the problem involved modeling a dynamically evolving dager, where the
thickness of the char layer aiged as a function of time. The evolving char laggslied
that the physical mechanism by which volatile products move through thevahaot a
constant process. However, to move forward with the model cotistruit was assumed
that the chaforming process had already been characterized and that reasonable estimates

for the heat transfer properties of the char are kreymori.

The model was developed to mimic the testing scenario preseynttandardane

calorimetryexperiments. A relatively thick, horizontal sample was modeled to degrade
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thermally due to exposure toradiant heat fluxn the top surface. The model accounted

for radiative and convective heat losses on its top surface as well asetienqa of
temperature gradients through the thickness of the sample; the sides and bottom were
adiabatic. It was assumed that the kinetics of thermal decomposition could be expressed as
a series of firsbrder reactions. The kinetics model was coupled aftbat transfer model

that accountetbr volume change as the char layer was formed. It is important to note that
the volatile gases formed in this model were assumed to escape instantaneously. This
model was solved with a solutiadaptive finite differace procedure[80] and

implementedhe PVC degradation mechanisms developeArihony[81].

One of tle pivotal findings from this work was related to the effddhe char layer
on the transport of volatile gases. The model assumed that there was zero restriction from
the char layer on the mass transport, however, this was likely unrealistic. The author
suggested that to model this phenomenon more carefully, two extreme situations needed to
be understood and coupled irdsingle submodel. The first case evaluates a situation
when no char is formed which permits the volatile products to escape threygblymer
melt by the formation of bubbles. These bubbles grow by diffusion and simultaneously
translate through the melt. It was suggested to estimate the bubble traablatioaity
based on low Reynolds number Nav&bkes equations. The second cesesiders the
transport of volatile gases througtwall-developed char layer whickias accomplished
by modeling mass transport t h[8288]gHoweser,por ou s
there was no method availabledescribe the transition between the two extreme tases

capture a realistic regimijrtheremphasiing the need for experimental data in anaerobic
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conditions to permit a more detailed understanding of the physics of the transport

phenomena in evolving ahlayers.

1.3: Objectives and Research Plan

Most of the previous studies that explored both the heat and mass transfer through
porous chars were conducted entirely numerically based on theoretical analyses. Each of
these studiewere missing detailed experimiah data to evaluate the performance of the
numerical models. While it is qualitatively known that the presence of a porous char layer
is effective in reducing the rate of productammd subsequent combustiofwvolatile gases,
the quantitativerelationshps are lacking. The present study sed&sdevelop a
methodology that investigat¢he relationship between thermal transport and the physical

structure othe intumescent char

A thoroughcharacteriation ofthethermal transport inside charring and miscent
polymess during pyrolysis will be conductedusing novel experimental andumerical
modelingtechniquesThis research will include the development of experimental tools to
provide carefully controlled boundary conditions and highly resolved measots
during the pyrolysis of charring and intumescent polymeext, new multi-dimensional
thermaltransporimodelingtools will be incorporated to providebetter approximation of
the heat fluxincidentto the evolving sample surfacerinally, this staly will provide a
relationship between the thermal transport in the condeptsasiduring pyrolysisand the
c h a phgsial structurdo improve the associated thermal insulating potential of the

intumescent char
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The analysis will be conducted on thdldwing materials: poly(vinyl chloride)
(PVC), poly(vinyl chloride) with plasticizerHPVC), BisphenolA polycarbonate (PC),
poly(ether etheketong (PEEK) and poly(vinylidene fluoride) (PVDF)'hese materials
provide a representative set of polymersiusea wide range of consumer and construction
applications. Each of these materials, on varying levels, kamvn to produce a
carbonaceous condensgldase residual yield (char) as well as undergo swelling
(intumescence) duringyrolysis Existing and nely designed eperimental techniques
will be employed to provide quantitative measures of these phenonmapeoved

numerical tools will be utilized to inversely analyze all experimental data.

The experimental techniques waimploy bothmilligram- and grarescale tests.
Milligram-scale experiments includehermogravimetric Aalyss (TGA), Differential
Scanning @lorimetry (D), and Microscale Combustionaf@rimetry (MCC). These
techniques provide a quantitative measure of the sample mass, heat flovataphes and
heat release rate of pyrolyzate gases during anaerobic thermal decomposition, as a function
of sampletemperatureThe newly designed Controlled Atmosphere Pyrolysis Apparatus
Il (CAPA 1) enables a comprehensive analysis of pyrolysis of clpaimd intumesnt
materials. This apparatysovides weHldefined boundary conditions and highly resolved
measurements of mass, bottom surface temperature, and sample profile evolution of a
material exposed to radiant he#tartially decomposed samples rfrothe CAPA I
experiments will be subjected to further analysimt@stigatahe physical structure of the
developed char layan order to provide auantitativerelationship with the associated

thermal transponproperties
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ThermaKin2Ds, an axisymmaeatrexpansion of an existingumerical comprehensive
pyrolysis solver(ThermaKin) will be employed to interpret the experimental datasets
through a manually iterative inverse analysis procé&s® numerical solvewill be
constructed to emulate the condits of each experimental instrument employed in this
study. TGA dataset will be utilized to extract Arrhenius reaction rates and condensed
phase residual char yields focallectionof first order reactions occurring in sequence. It
is important to not¢hat this processagsnot resolve each elementary reaction; instead, it
will employa semiglobal reaction scheme to capture the critical trends within the accuracy
of experimental dataDSC datasstwill be used todetermineheat capacities of all
condemsedphase components as well as heats of reaction for the associated reactions. MCC
datawill employed tgparameterizéhe heats ofompletecombustion for pyrolyzate gases
produced during thermal decomposition. Lastly, the CAPA 1l datafidte used tanform
the characterization of density and thermal conductivity of each condphasd
component. The fullparameterizé comprehensive pyrolysis modeill be validated by
comparing mean experimental and simulated mass loss raferdateide range dfieating

conditions
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Chapter 2: Experimental Methods

2.1: Materials

The following five representative charring and intumescent polymers were
characterized in this workigid poly(vinyl chloride) (PVC), flexible poly(vinyl chloride)
(FPVC) due to the addition of plastiazer, BisphenolA polycarbonate (PC), poly(ether
etherketong (PEEK) and poly(vinylidene fluoride) (PVDE)'he carbonaceous residual
char yield from each of these materials, measured by the thermal decomposition of the
material in a nitrogen environmenp to 1173 K, ranged from to 50wt. % (see section
4.1). Each of the materialpurchased in large extruded sheefsproximately 810° min
thicknes$, werefurther cut for appropriate test samples. iigram-scaletests required
samplegso be cartully cut into very small flat pieces approximatelyi 7 mg in mass
Additional milligram-scale samples wergrepared by grinding all rigid materials into
powder form; the results were compared to ensure there was no dependence on sample size

and shape

The samples for the gasification tests were carefully cut with a computer numerical
controled (CNC) milling machineto 0.07 min diameterdisks Samples for the absorption
coefficient measurements (described in Section 2.3.1) were a result of furthémingach
0.07 m diameter disks to a thickness ®1@ m in the center (0.02 m diameter) portion of
the specimenAll samples were stored in a desiccatordoninimum o#8 h prior to testing

Table2.1 provides additional details about the materials usétle work.The repeat unit
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in the chemical structure of all materials studied in this work is provided in Table 2.2. It is
important to note that FPVC contains a significant but unknown amount of organic
plasticizers to providéhe flexibility of the mataal; the exact chemical structure of the

plasticizers are unknowimages of representative gasification test samples are provided

in Table 2.2.

Table2.1: Materials studied in this work' he material densés were estimated based on

measurements taken at room temperature

Thickness  Density

Polymer Trade Name Manufacturer
Y (m) (kg m?)
Poly(vinyl chloride
4 (VO) ) Vintec| WO 6.5x10° 1409

Flexible poly(vinyl 10 Compound  TMI Vinyl
chloride) FPVQ)  FlexiblePVC  Solutions

Bisphenol A 2
Polycarbonate (PC) Makrolon GP Bayer 5.50<10 1187

5.45%x10° 1226

Poly(ether ether )
ketond (PEEK) PEEK 450 G Victrex plc 6.45x10° 1297

Poly(vinylidene Flametec Vycom
fluoride) (PVDF) Kytec Piastics 6.30x10° 1791
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Table2.2: Repeat unit inchemical structurand images of gasification test sampiésll

materials studied in this work.

Polymer Repeat Unit Gasification test sample
LT

PVC ?_CI:
H HJ,

FPVC —{

PC

I—-L'l'.:—I
I—0—0
—t

PEEK

PVDF
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2.2: Milligram -scaleExperiments

2.2.1: Thermogravimetridd nalysisandDifferential ScanningCalorimety

In this study, a NetzscBimultaneous Thermal Analyzer (STA) 449 F3 Jufiddi
was employed taharacterizeéhe kinetics and thermodynamicstbérmaldecomposition.
An STA, equipped with a Netzsch TGBSC sample carriers an instrumenthat permits
microgramresoltion thermogravimetric @alysis (TGA) and heatflux differential
scanning calorimetry (DSC) to be conducted simultaneously in the same apparatus.
Simultaneous thermal analysis reduces the physical number of tests while also better
correlating the tempenate dependent behavior of the mass loss and corresponding heat

flow. A schematic of the STA is shown kigure2.1.

Exhaust Flow Path

= Sample Crucible

,Purge Gas Flow

Figure2.1: Netzsch snultaneoughermalanalyze (STA).
All STA tests followed a carefully prescribed temperature program to define the

heating rate of the sampléhe temperature program had an initial conditioning period in
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which the sample and crucible wéreld at a constant 303 K for 25 mirhis conditioning
period enabledll oxygen to be purged from the systarhich ensurd a fully anaerobic
environment. Subsequently, a linear heating at a nominal rate of 10 Kwasfollowed
until the maximunyprescribedemperature was reached. The maximemgerature was
defined as approximately 100 K higher than any temperature when mass loss was observed.
Finally, the test ended with an isothermal period ofriif, whichenabledhe sample to
achieve an equilibrium staterior to cooling The furnace anddtance were flushed
continuouslywith ultra-high purity nitrogen (99.999vol.%) to ensure fully anaerobic
conditions The balace purge gag0mL min?) joined the purge gasdalirectly into the
furnace (20mL min), for a totalnitrogenflow rate in the furnace of 50nL min™t. The
heating rate of 10 K mih was sufficiently slow todecouple the kinetics and

thermodynamics of thermal decomposition from energy and mass transport.

All STA tests were conducted in a platintthodium crucible with a lid to esure a
uniform sample temperatuand heat flomthroughout the test. A small hole in the lid
allows any pyrolysis gas@soduced during the decompositimnescape the crucible freely.
All samples were cut very small to achieveotal sample mass rangirigom 41 7 mg.
Thin flat samples were positioned on the bottom of the crucible to ensure adequate thermal
contact between the sample and crucible. Previous studies have shown that consistency in
the sample positioninignprovedthethermal contact anepedaability of reliable dat§85].
Additional tests were conducted with samples in powder form to ensure that the sample

shape and size did not have any adverse impadise measurements.
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The STA wa fully calibrated using a set of seven calibratompoundgo ensure
the accuracy of the>-type thermocouplesand heat flow sensors. The calibration
compound$ave wellknown meltingtemperaturesanging from340to 1080K and heats
of melting The calibration exercise ensures the accuracy of the temperature and heat flow
measurement3he calibration tests were carried out at the same heating rate and gas purge
rate to ensure accuracy of the instrument for the conditromichthe majorities of the
tests wereconducted.The full calibration was completed four times a year to ensure
accuracyof the experimental dat®artial calibration checks are completedularlyin the

interim to verify the stability of the calibraih.

A baselindest was performed with an emgtyicibleand lidin order to identify and
correct the buoyancy effects of the furnace as well as any heat flow sengitimityhe
crucible itself The baseline dataassubsequentlgubtracted from the mgaand heat flow
measurements of the samples that were undergoing the thermal decompbiséibeat
flow baseline was found to be extremely critical for obtaining reliably reprodudib@
data because the heat flow data was very responsive sartoeirding environment. Th

baselindest and subsequertdrrection was performed for all STeperimentsn this work.

The STA tests were repeated 10 times to accumulate necessary statistics, and the
averaged mass and heat flow data is presented for the neveépimentAdditional TGA
tests were conducted @ach of the sample materials at both 5 and 20 K!rarserve as
validation for the reaction schenueveloped with th&0 K mirt! datasetTheseadditional

testsat 5 and 20 K mit were performed in trificate and averaged results are used for
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validation Validating the resulting reaction model at a range of heating eagges that

the kinetics parameters can be extrapolated to diffénentnal exposures

Additional independent experiments were parfed on the residuagharyield from
the previous tests an effort to resolve the heat flow historegghe final char component
more carefully The residual char yield from the repeated tests were combined to provide
sufficient sample mass for thesetsesThe residual char was tested using an identical
temperature program, which allow#t heat flow to theharsample to be measured at a
lower temperature range where the STA is knowhae a higher resolutioifhe results
from these tests enablehe characterization of the char heat capadtya specified

temperature rangaithin a reliable region of the data.

2.2.2:MicroscaleCombustionCalorimetry

The microscalecombustioncalorimeter(MCC) [86] is a standardized testethod
usedto estimate theneats of omplete ombustionof pyrolyzate gases produced from
thermal decompositioof milligram sizel samplesA schematic representation of the MCC
is shownin Figure2.2. Theheas of combustion of pyrolyzate gases provides a relationship
between the condensptiase and ggshase phenomena. The MCC provides a measure of
the HRR as a function othe sampla@emperatureThe MCC HRRdata can be used
conjunction with STAMLR data (scaled by the heats of combustidn) validate the

reaction scheme and provide insight on the overall maiesial r e act i on t o f
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Figure2.2: Schematic of the microscalerabustion calorimeter (MCC).

To enable a direct connection betweenM@C andSTA data, the MCC tests were
conducted at a linear heating rate of 10 K fniifhe sample wa heated within the
pyrolyzer region of the instrument in a fully anaerobic enviramméth a continuous
nitrogenpurgeflow rate of 80 mL mint. The gaseousypolyzatewere then mixed with
excess oxygenintroducedat a flow rate of 2anL min?, in the combustozone The
combustor wa heatedo a constant tengrature of 1173 K, whiclersuredcomplete
oxidation of the pyrolyzate gas@e total heat relead from the combustion processsva
measured as a function of tiraed temperatureased on oxygen consumption calorimetry

principles[45].

All MCC tests wee conducted with a prescribed temperature program similar to the

STA. The initial stage had a conditioning period where the sample temperature was
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permitted to stabilize at 348 K. Subsequently, the sample was exposed to a nominal heating
rate of 10 K mirt until the sample temperatuness approximately 100 K above when any
significant mass loss was detected from T@#periments An identical heating rate

between the MCC andTl® enableddirect comparison between the majorities of the tests.

All MCC experimeits were conducted in small ceramic crucibAgthout lids. The
absence of the lids facilitates the pyrolyzate gases to escape the crucible quickly to be
carried into the combustor by the nitrogen purge gisamples,cut sufficiently small
were careful placed on the bottom of the crucible. Theial and final sample mass were
carefully measured to calculate both the final char yield as well as total mass consumed

duringthe experiments

The MCC was fully calibrated approximately four times a yeae ¥emperature
sensors were calibrated based on the known melting temperatures of a range of pure metals
to ensure accurate sample temperature measurements. The oxygen sensor was carefully
calibrated using a weknown oxygen/nitrogen mixture to obtain acate oxygen
consumption measurements, which is directly related to the heat release rate of the
pyrolyzate. A test was conducteding a polystyrenesampleat the beginning of each
testing day to verify the calibration of the instrument. All MCC testeweenducted in
accordance to the standard operating conditions with the exception of the heating rate. As
mentioned before, the heating rate was adjusted to 10 K tmienable direct comparison
to the STA experimental results. MCC tests were conduteiblicate for each material
due to a high degree of reproducibilifhe experimentakesults were averaged prior to

determininghe heats of complete combustion through inverse analysis.
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2.3: Gram-scaleExperiments

2.3.1:Broadband RadiatioAbsorption

The indept broadband radiation absorption coeffici(a/(t) wasquantified based
on a methodology introduced by Linteris et[&I7], which waslater adopted in several
additional studie$55,85,88] A well-definedradiant heat flux from aelectric conical
heaterwastransmitted through the thin sample®sitioned 0.0 m below the base of the
heater housingand subsequentljneasured with a Schmi@oelter heat flux transducer
(12 mm diameter)The radiation, aslepicted inFigure 2.3, wascollimated by Kaowool
PM insulation boardvith a cylindrical holan the center. The hole in the insulation board
was comparable in size to thsiameter of the heat flux gauge direct the light waves

throughthethin ( 4x10° m) portion of the sample specimen.

Conical Radiant
Electric Heater

Insulation
(collimator)

Sample

Sample Support

\
\ Heat Flux
Transducer

I I
Figure2.3: Schematic of apparatus to measure the radiative heat flux absorption

coefficient
The heat flux was first measuréar 30 s with the sample removed collect the

background information on the heating of the experimental appamatuthe magnitude
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of the radiation througthe collimatoritself. The sample wasubsequentlyplaced within

the holderand theheat flux signal was measuréchereducedhed flux transmissiorwas
averaged for the first 3 s ehmple exposurehile the surface of the specimen not facing
the heater was still near ambient temperatédé measurements we performed at
particular heat fluxes (corresponding the specific heateteanperaturesgonsistent with

the average set point of the gasification experiments discussed in Chapter 5. The
measurementsere collectedavhen the sample wapproximatelyat ambient temperature.

The subsequently derived absorption coefficient wasiraedto be independent of the
spectral characteristics of the incoming radiation and was used for analysis of the
gasification data obtained and lower as well as higher radiant heat. fRixestimateof

the absorption coefficiewas calculated basechdquation2.1 andEquation2.2, which

were derived from a generalized form of the Beambert Law.

kZZIn(e)- In( ¢)
rd

2.1)

¢, = =t 2.2

where € is the samplesurface emissivitywhich was taken fromliterature dataf,

representshe ransmission coefficient, which wastimated ashe fraction of radiation
that passe through the sample, as defined by Equation 2.2s the density of the

undecomposeg@olymer measured at amhbietemperature and is the thickness of the

sample |X:d and |X=0 are the radiant fluxesmeasuredby the heat flux transducénrough

thethickness of theample andvith the sample remaed, respectively.
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2.3.2:Controlled Atmosphere Pyrolysis Apparatus Il

The Controlled Atmosphere Pyrolysis Apparatus Il (CAPA 1) is a newly designed
gasification instrument that enables a comprehensive analysis of pyrolysis of charring and
intumescent materialsThis gasification apparatus provides wellefined boundary
conditions and highly resolved measurements of niadtom surfacéemperature, and
sample profile evolution of a diskhaped 0.07 m diameter material sample exposed to
radiant heat. All measurents wee collected simultaneously in @early anaerobic

environment andvererecorded as a function of time.

The CAPA 1l setup is showm Figure2.4 andrigure2.5. It consists of an opeto-
the-atmosphere gasification chamber containing the steel samjfder 0.082m inner
diameter). The chamber waonstructed from two concentdiccularaluminum tubes that
each have a thickness ®#x10°> m. Thechamber wallsvere cooled by circulating water
through copper tubing impressed within channels cuttiavalls of the aluminum tubes

to maintain weldefined boundary conditions

Conical Heater Gasitentiai Conical Heater

Chamber

le Hol
Sample Holder Sale

Glass Beads

Figure2.4: Drawing ofthecontrolled atmosphere pyrolysis apparatus 1l (CAPA II)

a7



A continuous flow of gagrescribed to bpure nitrogen in this studwas introduced
to the apparatus within the channel between the aluminum tubes. Thesgasroduced
through a layer of glass beads ¢618° m diameter) to ensure a homogenizieavf The
top of the outer tube vgdocated 0.0&1 above the initial sample surface and 0.01 m below
the bottom of the radiant heater housing to minimize entrainment of ambient air. The
electric radiant heater, capable of providing up to 100 k¥\heat flux, wa positioned on
a moving track to enabldsi fast placement and removal from above the gasification
chamber. The inner wall of the outer aluminum twas coated with a high emissivity

paint to suppress reflections of the heate

The material samples 6f07 min diameter anépproximaely 6x10°3 min thickness
were used in theurent study. Kaowool PM board waised to thermally insulate the
samples anand the perimeter, as detailedrigure2.5. The sample was positioned on top
of apiece 0f7.6x10* m thick, diamoneshaped aluminurmesh(coveing approximately
one third of the sample aneaithin the sample holdeiThe aluminum mesh was covered
with a thin .5x10° m) copper foilto supportthe bottom of the samplemd prevent
entrainment of ambient aifhe samples we adhereda the foil with a thin(@ 1.5x10% m)
layer of fast cung high temperature epoxy to ensure continuous thermal contact. The
sample, thermal insulataajuminum meshand copper foil wee all contained within the
sample holder. A lip extending from the sample holder lddtke ga between the holder

and the inner aluminum tube to minimize ambient air entrainment from beneath the sample.
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Figure2.5: Schematic othe CAPA II.

The CAPA Il diagnostics includkethree main components:ass, bottom surface
temperaturgand sample shape. The instantaneous mass of the saaspiecorded using
a high precision (1 mg resolution) Sartorius Cubis balance at a frequency of 2 Hz. A FLIR
E40 infrared (IR) camenaas focused on the thin copperlfoolding the sample to measure
the bottom surface temperature dtemjuency of 7.5 Hz. The foil vgacoated with a high
(0.%) emissivity paint to ensuréhe accuracy ofthe spatiallyresolved temperature
measuremest Due to geometrical constraints, ddymirror (with anaverage reflectance
of 0.96)was used tdirect the view of the IR cameta the bottom of the sampleh&
emissivity in the IR cameraas adjusted to account for the tnamssion loss in the gold
mirror and was validated against thermouaple based temperature measurements. A
Logitech C930e high definition cameveas focused on the sample through a quartz
observation window to monitaheevolution of the sample surface positidmo 1.3x10°
m diameter Typ& thermocouples we used to mnitor the inner and outer aluminum

wall temperatureduring all CAPA |l experiments
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Several representative sample profiles were traced manually to sketch a line
corresponding to the sample surface shapes. The sketched coordinates were converted to
physiccal dimensions using a calibration that was conducted within a plane of symmetry of
the sample holder, parallel to the lens of the video camera. The bottom surface temperature
measurements were takenfatr radial positions spaced across the entire saragies.

Three points obtained at random azimuthal angles were averaged at each of the four radial
positions. The mass loss rate (MLR) was computed using a 5 s time differential and
normalized by the initial top surface area of the sample. The data weseqgsently
grouped into 5 s bins for which mean MLR and mean time values were computed. The
temperature and MLR data from repeated tests were grouped together prior to averaging.
All uncertainties were computed from the scatter of the experimental data ssndard

deviations from the mean.

Each CAPA Il experiment was repeated twice to ensure reproducibility and to
accumulate necessary statistics. The experiment began when the heater was slid into
position above the sample and was terminated when no messe loss was observed or
when the sample fell onto its side (due to pyrolysis induced shape change). The MLR
histories computed for the higher heat fluxes were assumed to incorporate the thermal
decomposition of the epoxy used in the sample prepardti@mnefore, the MLR data were
corrected to remove the contribution of the epoxy decomposition. An independent TGA
experiment was conducted on the epoxy to determine the onset temperature of thermal
decomposition. The onset temperature was defined to odoem W wt. % of the epoxy

mass was lost. Therefore, it was found that the onset temperature for epoxy thermal
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decomposition was 489 K, which lead to a final residual char yield of 12.3 wt. %. The
correction for the epoxy decomposition was computed by loliging the mass lost by the
epoxy from the time when the bottom sample temperature reached the onset of epoxy
thermal decomposition until the termination of the test. The magnitude of this correction

was found to have minimal impact on the MLR histories.

2.3.2.1:GaseousBoundary Conditions

In the current study, the gasification chamber was purged with nitrogen at a constant
flow rate of 185 SLPM at 29K and 101 kPa, which correspondedhe bulk flow speed
within the channel between the aluminum tubes of 0.29./A spatially resolved and time
averaged characterization of the flow in the chamber was performed using an Omega HHF
SD1 hot wire anemometer. THlew characterization was carried out at room temperature
(293 K) with the norenergized heater positionadove the gasification chamber. Spatially
resolved volumetric oxygen concentration measuresnemre performed using an -E
Instruments E8500 Plus portable emissions analyzer. Unlike in the case of the flow speed
measurements, the oxygen concentration nmgppias carried out with the heater turned
on and set to provide 51.5 kWat the center of the initiample surfacehe cooling
was also activated. The oxygen concentration was measured within a cylindrical region
occupying the area of the sample artending vertically 0.075 m (0.035 m into the conical
heater) A disk cut from Kaowool PM boarévas used as a sample surrogate during both

the gas flow and oxygen concentration measurements.

With the nitrogen flow turned on and heater turnéidroean vetical gas velocity
measurements were performed at a series of vertical distantesn the initial sample
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surface position; these distances are expressed in-dimensional form by normalizing

them by the distance to the bottom of the heater houding0.04 m.The mean vertical

gas velocities measured on the axis of the gasification chamber above the \wansple
found to be 0.25 and 0.35 i at a distance di/H = 0.13 and/H = 0.95, respectively.
These velocities decreased to about 0.16' @t the surface of the cylinder corresponding

the edge of the sample. The mean horizontal (radial) gas velociyHat 0.25, was
approximately0.19 m & near the chamber axisd increasetb 0.35 m & at the edge of

the sample. The average oxygen caoricgion within the cylindrical region occupying the

area of the sample and extending vertically into the heater, which was measured with the
heater and cooling turned on, was found to be 0.6 vol.%. The maximum oxygen

concentration of 0.9 vol.% was fountithe top edge of the outer chamber walls.

2.3.2.2:RadiationBoundary Conditions

To fully characterizethe radiant heat exposure tbe top sample surface, an
axisymmetric heat flux model matching the geamef the CAPA Il gasification chamber
was developed. Ehmodel wa based on the measurementsdrted with a Medtherm
SchmidtBoelter watercooled heat flux transducer equipped with>d @ m diameter
sensorThe measurements were performed at a serifigeobertical distancegh/H). At
eachhy/H, the heaflux was measured at several horizontal distancessr om t he s ampl
symmetry axis; these distances were normalized by the maximum initial sample Radius,
= 0.035 m. Most of these measurements were
straigh upward { = 0 inFigure2.6). For a subset of the measurements, the transducer was

positioned at an angle= "/4 or /2, as indicated ifrigure2.6, to capture the impact of
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local sample surface orientation. The mass balance and sample holder haehto\e

from the apparatus to accommodate these heat flux measurements. The majority of the
measurements were performedateat flux set point &1.5 kW nv¥, as measured at the

point corresponding to the center of the initial sample surface. Severgiomald
measurements were conducted at lower and higher set heat fluxes to ensure that the
developed model remains accurate within the full range of possible heat flux settings. The

watercooling and nitrogen flow were turned on during these measurements.

Figure2.6: Heat flux transducer angular position
Open circles irFigure2.7 depict the measured radiation heat fluxes normalized by
the center pointr¢/R = 0) value at the respectig’H. The data wereollected over a wide
range of azimuthal angles to provide further support for the axisymmetric assumption used
in the heat flux model development processhAH < 0.5, the heat flux was found to

decrease with an increasing radial position; the inveessfeund to be true fdx/H > 0.5.
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Figure2.7: Radial dependensef radiantheat fluxat a range of vertical distances
measured with the tr anis=dOuche opérssynbh@snsor f a

represent individual measurements; the lines are thdgtfitEquation 2.3.
Open circles irFigure 2.8 show the radiant heat fluxes measured at the axis of
symmetry normalized by the heat flux at the center of the initial sample surface,

qi(n/H =0,r,/R =0). The heat flux increasedith a decreasing distance to the heater

until approximatelyhy/H = 0.7. Upon further movement toward/into theater, the heat

flux decreasedapidly. Bah the radial and axial trends meeconsistent with the geometry
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of the heating element and its proximity to the volume whieese measurements were

taken.These trads have been fitted with Hgtion(2.3):

qi(h/H.r/R) & ar, 5 ra . ah 5 ha ¢
=g8, " 08 “p M 0 e 18 (23
Gi(h H=0, /R ) EFr O™ @@ @m0 e X

In Equation2.3, &, and & coefficients are useih capture the radial trendsmdare

verticd distance dependent quantitiesa, = a,,(h/H)* +a,(h/H) &, and
a =a,(h/H) +a,(h/H) 8,wheredy= 0.126, 8y = 0.040, 8y = -0.044,

&, =-0.088, &, = 0.092 anddyo = -0.008. 0, = -0.393 andb, = 0.438 coefficients are
used to capture the axial trend. The liskswn inFigure 2.7 andFigure2.8 demonstrate

the accuracy of this model.

=0)
=

4

1.05

0,r /R

1.00 -
095
0.90 -
0.85F

0.80

g"(h /Hr/R) | ¢"(h /H

0.75

0.0 02 04 0.6 08 1.0 12 14 16
h/H

Figure2.8: Axial dependence of radiaheat fluxme asur ed wi th the tran
facing upward* = 0). The circles represent individual measurements; the line is the fit

with Equation2.3.
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Equation 2.3 provides an understanding of the heat flux as a function of the sample
surface position assuming that the sample surface redhparallel to the iitial sample
surface. In practice, however, the sample surface expedieraay different angles dke
intumescent sample underwgmyrolysis.Therefore, it was crucial to provide a correction
for the radiation incident to the sample surface when thelaf@ng char layer deviated
from onedimensional expansioriThe dependence of the radiant flux on the angular
orientation is shown ifrigure2.9. Each measurement (depicted asopensymbol) was
normalized by the corresponding value at 0. Att = | thhe2lata were taken atange
of radial positions (sedigure 2.9a)). The normalized data indicate an absence of
significant dependence ar Therefore, at = | dll .neasurements (shown kigure
2.9b)) were performed at a singladial distance. The dependence of the heat flux on the

angle was captudewith Equatior2.4:

gi (f,h/H)
qi(f =0,h/H

) = ngz g, £ H (2.9

where 9, and U are vertical distance dependent coefficients:
9. = 0 (N/H)" +gu(h/H) ®candg =g,(h/H) +g.(h/H & The
lines inFigure 2.9were obtained usin@z = -0.191, 9,;=-0.136, J,0 = -0.029, 9, =

0.482, 0,1 = 0.261 and U;, = -0.440.

Theproduct oftheparameterizeé Equation2.3andEquation2.4 provide a capability
to compute the incident radiant heat flux distribution for an intumescent nhatamale

from a known sepoint Variaion of this set point from 30 70 kW ni? was examinedo
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ensure its ability to extrapolate to additional heating conditibmgs found that the mean
difference between the model predictiand measured heat fluxes was about 1%,

regardess of the set point selection.
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2.3.2.3:ConvectionBoundary Conditions

Computational fluid dynamics (CFD) calculations have been conducted to analyze
convective heat transfer at the sample surfaces. The calculations were performed using the
Fire Dynamics Simulator (FDS) version 6.280] in the direct numerical simulation mode
with the radiation sumnodel turned off. An axisymmetric computational domain built to

representhe CAPA Il gasiication chamber is shown Figure2.10

57



| Computational

omain
) ‘
| T
| A\

Inlet (Tin, Vi)
Figure2.10: CFD modeko emulateahe CAPA llexperimental geometry

A series of scenarios representative of those encountered in the gasification
experiments have been explored in these calculations. In all scenarios, the inlet flow
temperature and velocityTig = 363 K andVin = 0.348 m 3) and heater surface
temperaturesTheater = 999 K andTiop = 423 K) were specified to correspond to those
meaured in the experiments conductec &tl.5 kW n¥ heat flux set point. The sample
surface temperatureld and sample shape were varied from scenarigcegnario as
indicated inTable 2.3andFigure2.11 Slope represents the ratio of maximum heightusers
radius of the top sample surface for scenaries #hd the bottom surface for scenario #6.
Nitrogen was defined dBegaseous media in all scenarios with the exception of #6, where
air was used instead. Scenario #6 was employed to analyze convessige from the
bottom sample surface. Thus, tti@oice of gaseous media reflectb@ fact that, in the

CAPA I, the enclosure containing this surface is not purged with nitrogen.
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Table2.3: Summary of input @rameters used in the CFD calculatidgi®pe represents
the ratio of maximum height versus radius of the top sample surface for scendsios #1

and the bottom surface for scenario #6.

Scenario # 4 +(K) Slope
1 500 0
2 700 0
3 900 0
4 700 0.5
5 700 1.0
6 600 0

The convective loss heat fludli , was calculated as the product of the gas
temperature gradient taken along a direction orthogonal to the sample surface (using the
grid points nearest to the surface) and the thkeooaductivity of the gas at the film
temperature. The dots showin Figure 2.11 depict locations wherdli values were

computed. To increase computational efficiency, the computational domain was
subdivided into two parts, as shownkigure2.10. d. andds represent the grid size in the

region below and above the bottom of the heater, respectively. A grid convergence study
was conducted using scenario #3 (corresponding to the highest sample surface temperature).

It was determined thaelecting 2.5x10and5x10*m grid sizes foda. andds, respectively,

producesdi values that are within 3% of those computed using a much firg5x10* m

sized grid.
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Figure2.11: Scenarios explored in the CFD calculations. Slope represents the ratio of

maximum height versus radius of the sample surface. The dots depict location$livhere

values were computed.

The CFD simulations of each scenario wereaiedrout for 18 s. Scenarios #2
displayed oscillating flows; thus, the duration of the simulations was selected to reveal the
periodic character fully. A set of temperature distribution snapshots taken over one
oscillation period forscenario #3 @ shownin Figure 2.12. It appeaed thatnear the
s amp | e 6,desmtasighifisantdorced flow through the gasification chartherflow
was driven primarily by buoyarycand the observed oscillation sva manifestation of the

Rayleigh Taylor instability.
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Figure2.12: Oscillating temperature profile msingleperiod (14i 16 s) obtained for

scenario #3

The convective loss heat fluxes computed for the same scenario at two representative
radial positionsrz/R = 0.286 and/R = 0.857) are showim Figure2.13. To convert these
heat fluxes to convection coefficients, they were first averaged in time over the oscillation
period (or over 5 s in the cases of rastillating flows). To examine the impact of sudac
temperature on the convection, the convection coefficients obtained for the scenarios where
this temperature was varied (scenarios #1, 2 and 3) were further averaged over the top
sample surface ameusingequation2.5:

2

h=— A hrdr, 2.5

Where hc representethetime averaged and position specific convection coefﬁciEnt.
was found to increase frof12 to 9.8 W rt K™ with Tsincreasing from 500 900 K. This

change inh, was deemed to be insufficiently large to justify an increase in the complexity

of the convective loss model throutite introduction ofa surface temperature dependent

convection coefficient. The convection coefficients computets at 700 K for the top
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sample surface an@ls = 600 K for the bottom sample surface were postulated to be

representative of the corresponding surface temperature ranges.
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Figure2.13. Convective loss heat fluseceomputed for scenario #3atadial position of
r/R=0.286 and,/R = 0.857

The time averaged convection c:oefficiellilé%p computed for the scenarios #2, 4

and 5 are plotted with respect to the radial distanéggare2.14. As indicated inTable
2.3andFigure2.11, these scenarios explaréhe impact of the shape of the sample on the
convective loss from the top surface. The results indicheg the shape of the samplalha
a minor effect a the convection coefficient, whilthe impact of radial position wa

significant. Thke radial dgendenceof the convection coefficientvas capturedwith

Equation 2.6
h*=g(r/R +¢ 2.6

whereg =845 W nPKtande, =2.97 W n? K™,
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Figure2.14: Time averaged convective heat transfer coefficients computed for scenarios
#2, 4 and 5. The line is the fit of the data wilguation 2.6Slope reprsents the ratio of

maximum height versusdius of theéop sample surface
In addition to the saple geometries explored in teeenariosbove the impact of
a recessed top sample surfacel(®® m below the edge of the sample holder) was also
explored. 1 was determined th#tte convective heat transfer in the recessed geonvasy

well representelly identicalparameters. The convection coefficient for the bottom surface

(hf‘mom) was found to be weakly dependent on radial distanceitansurface area

averaged value was determined to bW 472 K2,

The convection coefficients were calculateda3 %/ ﬁTS -Tm), which provided an

expression foldjl in terms of the gas or wall temperature that are oootisly measured

in the experiments. An averaged valuengtomputed for the top surface was validated
against an experiment where a copper plate, coated withdaethBsivity paint and
attached to Kaowool PM board, was placed into the gasification @raimitead of a
material sampleThe copper plate was subsequehiyated with the radiant heat flux set
at 25 kW n?. The temperature of the plate was measured twiteembedde®x10* m
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diameter Type Kthermocouples The copper plate temperature wasbsguently
computed using ThermaKif21] to account for the convective and radiative losses and
transient heat transfer throughe copper and insulatiorin which the thermophysical
propeties are well knowrj40,90] In the exyeriment, spatial variation in the convective

losses could not be resolved. Therefore, the copper plate tempearasureodeledising a
onedimensional framework anbéop averaged over the topréace area of the pi@awith

Equation 2.5 hiop: 8.6W m? K1 was used in the simulatiors Figure2.15 indicates,

the modeled temperature is in excellent agreement with the results of the experimental

measurement.

600

- - - - Measured
550+ ——Modeled

500

Copper Temperature (K)

0 25 50 75 100 125 150 175
1(s)

Figure2.15: Comparison of experimental and modeled temperatures of the copper plate

exposed to the incident radiant heat flux set at 25 k¥ m
To provide a basis for computing teeperimentatonvective heat fluxes fahetop
sample surfae boundary conditions, individualests were conducted to measure
environmentatemperature profiles. The heater was set to a range of heat fluxes (30, 40,
60, and 80 kW m) to create representative conditions experienced during typical

gasification testsa single test was conducted at each heat flux set goatisk cut from
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Kaowool PM boardvas used as a sample surrogate during these measurements. With the
nitrogen flow turned onthree Type K thermocouples (3B0° m in diameter) were
positioned in e nitrogen flow directly above the glass beads to collect thergswved
environmentatemperature historie@®) of the top sample surfac€éhe mearheat flux

dependent gaemperature histories for the top sample surface are shown as open symbols

in Figure 2.16.
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Figure2.16: Meanenvironmentatemperature histories for a range of heat flux set points
measured nedhe top sample surface. These temperature profiles serve as the basis for
computing theonvective heat fluxes at the top sample surfébe.lines represeitie

results of Equation 2.7 employing independent fitting parameters for each heat flux.
The mean tim@esolvedyastemperature histories wesabsequentlypnathematically

represented usg Equation 2.7.
Te=Teep(TY e T e @7
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where allT® variables with numerical ssbripts represent usepecified constantand

Thre Is the background environmental temperatiitee heat fluxdependent parameters
computedwith Equation 2.7%o represent the experimental measuremeamésprovided in
Table 2.4. The solid lines in Figure 2.16 are the resulting environmental temperature

profiles employing the fitting parameters provided in Table 2.4.

Table2.4: Heat fluxdependentifting parameters foequation2.7 describingthe time

dependent change the environmental temperatued the top sample surface

Nominal

heatflux T7[K] T, [Ks?  TJK] T/Ks? Ture [K]

[KW m -7
30 48.1  3.11x10°  -26.6 -1.28x10*> 290
40 66.5 9.80x10°  -35.0 -1.29x10> 290
60 90.5 1.19x10°  -54.7 -8.98x10° 290
80 116.8 4.02x10°  -69.6 -1.03x10*> 290

In a similar fashionto measuring the top sample surface temperature histories
temperature profiles were measured to provide a basis for the bottom sample surface
convective lossed.hese temperature measurements were collettedet point heat flux
of 30, 40, 60, and 80 kW ®) measurements at each heat flux were repeated in triplicate.
A Type K thermocouple (1x10m in diameter) wasisedto measure the temperature of
the insidewall of theinner gasification chambefigne). The inner gasification @mber
wall temperature profiles weresed & representative temperature dédathe convective
losses from the bottom sample surfadee meanheat fluxdependentemperature profiles
for the bottomsamplesurfaceare presentedas open symbols in FigurelZ. Post
processing of these bottom surface temperature profiles will be discussed in sdion 3.
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Figure2.17: Mean experimental inner gasification chamber temperature histories for a
range of heat flues. These temperature profiles serve as the basis for computing the

convective heat fluxes at the bottom sample surface.

2.3.2.4:Char Emissivity

IndependentCAPA 1l experiments were conducted to investigate the surface
emissivity of thedevelopedthar layer produsdduringPVC, PC, and PEEKyrolysis An
undecomposed PV,®C, and PEEKample was subjected to 60 kWP ifset point) until a
char layer on the top of the sample was formed, at which point the heater was quickly
removed. Once the sample cooled to roonpienmature, half of the sample top surface was
painted with 0.94 emissivity paint while the other half remained unchanged. The sample
was subsequently+®ubjected to the radiant heat flux for an additional 200 s, after which
time the test was terminated. &' hottom surface temperatures associated with the painted

and unpainted portions of the char layer were compared to estimate the char emissivity.
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2.4: Char Structure Examination

To investigate the structuref the developed intumescent chaamples were
prepaed using separate CAPA Il experiments conducted high heat flux set point
Subsequent analysis of the char structure provides a measure of the pore size distribution
and porosity of the developed intumescent char layer. The pore size distributiaeprovi
a histogram of the fgpency in which each pore sizesvabserved in the char. The char
porosity provides a volumetric fraction of the void space within the total char layer. A
relationship between the resulting pore statistics thiedassociated therah transport

parameters enables a quantitative understa

2.4.1:Char Bre Size Distribution

The pores, or void spaces.tiredevelogd char layers we found tanclude a wide
range of sizes. Advanced optical inagjiof typical polymeric char samplegrom a
previous studyeveakdporesrangingfrom as large as a few millimeters all the way down
to several microns in diamet@tl]. The pore size distributioprovides a relativeneasure
of the number of pores across this wide range of diameters. In this study, char samples
wereanalyzed to obtain an estimate of the pore size distributiorsizeaange visible to

the naked ey(1x10“ min diameterand larger)

To investigate the PVC, PC, PEEK, and PVDF char structs@asples were
preparedising separat€APA |l experimentsonductedit 60, 5, 80, and 60 kW r (set
point), respectively. These experiments were termindtadime whera fully developed

char layer was present on the top portion of the sample with the remaining material below
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partially undecomposeavhich helped ensure that the sample wasawtragileand could
withstand subsequent mechanical treatmeme fully parameterized pyrolysis model, the
development of which is discussed in sectibrisi 5.6, was employed to computeish
terminationtime and identify the boundary ttie top char layer containing fully developed

char.

The sample, once cooled émbienttemperature, wacarefully cutin half with a
band sawo exposats cross sectional profile ohé char structureéSubsequently, idital
imagesof this cross section wetakenusinga Nikon D7L00 cameraequipped with a
Nikon PK-12 14 mm extensiotube and Nikon Nikkor 50 mm f/1.8D lens. The images
were calibrated with a ruler positioned in the same plane asdks sectiomo providea

length scale reference/hite LED lighting wasutilized to improve resolution of the images.

The images wersubsequently analyzed using a pore detection algofahporous
media developed by Rabbani et ah MATLAB [91]; this script utilized the image
processing toolbox in MATLAB version R2015bhe binay (black and whitejmagewith
a known scaling resolutionwas obtained bfirst converting the color image to grayscale.
Next,a specific color gradient threshalds definedo distinguish between pores and solid
continuum. Agrayscale color gradiethresholdvalueof 0.45 was chosen based on visual
comparisonsto provide the moshtccuraterepresentation of the char pore and solid
continuum structurél’he black regions in the binary image represent the pores (void space)

and the white areas representsbéd char.

A pixel-filtering scheme was utilized tistinguish between microscopic possd

camera sensaoise Thispixel-filtering process defined all objects greater thamad* m
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in diameter agithera pore or solid continuunThe objects with size belo® 10* m were
consideredcamera sensaonoise.Iln other words, smaller pores may have been present but
were not resolved in the current analyg\swatershed segmentationethod [92] was
subsequently employed to detect and analyze the relative frequency and average pore sizes
within the char. The watershed segmentation method identifies narrowing regions of a pore
as the boundary between two individual sptempores; therefore, this method effectively
splits larger norspherical pores into two or more smaller spherical pores. The pore
diameter was computed by transforming the estimated pore area to a perfedhcrcde
consistent with the finding fror8taggs that the majority afl visible pores had an aspect
ratio on the order of unit71]. All charanalysis was performed on a portion the sample
cross sectiomdentified as being comprised of fully developed cfdre char layer from

duplicate independent gasification tests were examined to accumulate statistical data.

2.4.2:CharPorosity

Thechar porosity F ) provides a means to quantifyetivolumetric fraction of the

void space within théotal char lagr, described by Equation 2.8

V .
F :Vv0|d (28)

total

whereVyvoid andViotal are the volumes associated with the void atel sample, respectively
In this study, two different methods were employed to investigate the porosityraithe

PVC, PC, PEEK, and PVDF intumescent char.
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The first method to quantify the char porosity was based odehsity of graphite;
a methodtogy to evaluate the overall structure of the resulting.chiae total volume was
computed based on an average sample profile of the fully decomposed charRilgiger.
PVC, PC, PEEK, and PVDF char samples were analyzed at the conclusion of CAPA i
experiments conducted at 605,780, and 60 kW rairradiation,respectively, to ensure the
sample was fully decomposed. It was assumed that the total volume was comprised of two
components: solid continuum and void sp&ssuming thenolecular structure of thehar
was similar to graphit¢d3], the volume of thesolid continuumwas calculated assuming
thechab s s o Iwasdyraphiticansnature. Therefore, thelume of thesolid continuum
portion of the chawas computed to enable subsequent calculation of thevehithe. The
volume of the void wasimply thadifference between the total volume and the volume of
the solid catinuum. This method providedraeasure of the char porosihyased on the

density of graphite

The second method to quantify thgid PVC, PC, PEEK, and PVDF char porosity
was based oimage analysis employinthe pore detection algorithm described in Section
2.4.1. In this method, the char porosity was computed from adimvensional cross
sectional image of the char layer. Similar to a previous gty it was assumed that the
two-dimensional porosity (the ratio of the area of voids to the total area) computed from
the image was identical to the thh@ienensional porosity (the ratio of the voluwfevoids
to the total volume) of theevelopedthar. The visual porosity was computed as the average
from duplicate, independent tests. This method provided a measure of the intumescent char

porosity based on visually detected pores greaterthad* m.
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Chapter 3: Numerical Framework i ThermaKin

ThermakKin[21] is a numerical tool thatas first developed to compute the transient
rate of gaseous fuel production from fundamental physical hathical properties of
component®f aonedimensional ID) pyrolyzing solid. ThermaKin was later expanded
into a Cartesiantwo-dimensional (2D) pyrolysis solver, ThermaKin2®4], which
incorporated mempirical flame spread subodel In the current work, a new versiom o
the solver,ThermaKin2B [88], has been developed. This version includes a new module
capable of simulating 2Bxisymmetrig(2Dax) material specimens. Thmodule has been

developedo enable accurate simulation of the CAPA 1l gasification experiments.
3.1: Governing Equations

ThermaKir2Ds is a numerical tool that solves transient mass and energy
conservation equations a twodimensional axisymmetric frameworTheconservation
equationsaccount foffinite-ratechemical reactions described by Arrhenius reaction rates.
The materialspecimenis represented by a mixture oéerdefinedcomponers. Every
component is characterized by density, heat capacity, theomductivity,a gas transfer
coefficient, emissivity, and radiation absorption coefficient. The first four properties in

this list are defined by a flexible function of temperatiregiven byEquation 3.1.

property= g +RT HT (3.1)
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wherepo, p1, P2, andn are usesspecified parameters. Emissivity and absorption coeffigient
are defined by single (constant) values. All components are dividethnetecategoris:

solids, liquids, and gases.

Mass conservation, given tquation3.2 in cylindrical coordinatesaccounts for
each component within the system.
W, N ﬂjx 1 (FU) I-la 1 Kldx

1= I
¥ Elq'r' Wz )@ (3.2

xis themassconcentration of a given compongdéenoted by subscriptexpressed

as mass per unit volumigs time andNr is the number of reactiong’ is astoichiometric

coefficientof thej-th component of theth reaction and (given by Equation 3.4is the

rate of consumption or prodien from the chemical reactiod.is the mass fluof gases

within the solid(calculatedoy Equation 3.5 } is the material densitfgiven byEquation

3.6), andx andz are theaxialandradialcylindrical coordinates, respectivelihe first term

on theright-handside of Equation 3.2accounts for the consumption or production of
species. The second and theedmns on the righbandside ofEquation X accounts for gas
transferin the axial and radial directiomsd only applies to gaseous components. The last
term on the righhandside ofEquation 3 arises due to an application of the Eulerian
(stationary coordinate framework to a medium that contracts or expands in response to
density changes. Here it is assumed that the contraction or expansion occurs in one

dimension X), with respect to a stationary plane definedby0.

Chemical reactions within BimaKir2Ds are accounted for by defining chemical

equations balanced by stoichiometric coefficiemisEach reaction may haveé i 2
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reactants(left-handside of the equationand O 7 2 products (right-handside of the

eqguation) as shown ifEquation 33.

g*COMP1 +g>COMP2 - ¢3COMP3 +g*COMP4 +h (3.3
The stoichiometric coefﬁciemtqij, is negative when componentis the i-th

reactiod seactant anghositivewheni t i s t hproslucth & definteda® thetheat
of reaction, and is positive when describingeanthermicreaction.The rate at which the

reaction occurg,, is definedn Equation 3.4

a E ©
r =AeXpge-—— Kow: Xomp: (3.9
¢ RT =+

whereA andE are the Arrhenius prexponential factor and a¢ation energy, respectively
and Ry is theuniversalmolar gas constank is the concentration of a given component
expressed in units of mass per unit voluf¥goyp; = meOMpl /), where meOMpl is the
mass fractiorof the first componerdand} is the densityf the mixture In the absence of
the seond reactantX-oyp, IS set tounity. The rate of consumption/formation of a

reactant/product is calculated by multiplyimgby the corresponding stoichiometric

coefficient. The rate of production of heat is calculatedhe product afand h.

The transfer of gaseous mass is driven by the gradient of volumetric fraction

expressed through concentrationshsewn inEquation 3.5

Hae r
Ji= Ty (3.5)
g g LX
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Here, J; is the mass flux of gag in the x direction; an identical expression is

required for mass flux in thedirection Only gaseous components assumed to undergo
transferdefined by Equation 3.3 is the gas transfer coefficient thie material. Note that
/ does not depend on the nature of gaat is being transferred (i.e., @anolumetric basis,
all gases subjected to the same volumetric fraction gradient are transferred at the same rate)
however, may be depdent upon the composition of the solid material througtth the
gas is being amsportedThe density othematerial ¢) is defined byEquation 3.6.
;= 1
Nsmf,  N.mf | Momf (36)

a-“+a 9a-

st g 12 f g o

wherer with a subscripdesignates component densBybscriptss, |, andg are used to
represensolid, liquid and gaseous componenéspectivelyThe svelling factorg which
may assume a value betwermmoandone describesolumetric change due the presence
of gasesWheng= 0, the presence of gases has no effethewlume. Wherg= 1, gases
contribute to the volume of material in accordance with trespectivedensities. gis
calculated by volumeveighted averaging of the swelling factor specified for sol@s (

and liquids §).

The conservation of energy, expressed in cylindrical ¢oatels, is givenn terms
of temperaturdy Equation 3.7 The energy consertian accounts for heat flow due to
thermal degradatioreactions and phase transitipdefined by the first term on the right
handside of Equation 3.7The second and third terms on tight-handside ofEquation

3.7 accounts forheat conduction withinhe condensed phasEquation 3.3 In-depth
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radiation absorptiorirom externalsources Equation 3.9 and radiant heat loss to the
surrounding environmengQuation 3.1Dis captured by the fourth and fifth terms on the
right-handside ofEquation 3.7The last two terms on thvgght-handsideof Equation 3.7
accountfor convective heat transfer due to gas transport and energy flow associated with

contraction or expansion of the material due to change in density.

N uT

87 g =
Fpeova 1R(Z) oMy ,
@ N ° % 5 )qu‘lxu o7
O A M 2 0] - /'H
ac —+J.— v —p—— ax
g=1gf?]gux 9 n 0 ><I-[|7 t W

wherec is the heat capacity or specific heat of the mateThe heat conductiory, is

described by Four ibguatios3.8 aw, and i s given

=-kE
X

q (3.9)

whereqy is the heat flux in the& (axial) directionandk is the thermal conductivity dhe
material an identical expression is required for the heat conduction in the radial direction
Thermal radiation from an external source is absorbed inside the material according to a

generalizd version of the Beetambert law given byEquation 3.9

ooy 24
W_ exia:-1 i & (3-9)

wherelex is theradiation fluxin the x directionand s is the absorptiorfor extinction)

coefficient of thd-th componentAll radiationaccountingwithin the model is assumed to

be independent of spectral characteristid@ comply with the second law of
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thermodynamics, the material is prescribed teaatgate energy to the environment

according tdequation 3.10

N
sT'q ev,
“IH —_ Ia=;|_ |J'I€‘X

wherely is the heat fluxhat isradiatedfrom the irdepth portion of the sampteward

and throughthe materialobjecttop boundary(parallel to thex-axis) and |§X is the external

radiationflux through theboundary(incident flux minus reflected is the volumetric
fraction of thei-th componentind s is the StefarBoltzmann constantg is the surface
emissivityof thei-th componentwhich in the current framework equals the complement

of reflectivity of the same componei. the case where nexternal radiation is applied,

thelgX termused inEquation 3.10s set to unity to produca meaningful calculation of

radiative loss.

Equation 3.9and Equation 3.10describe radiative exchange between a material
object and environmeniThe radiative transfer inside the object is modeled using the
conduction equatiorEguation 3.8 combined with the thermal conductivity expressed as
the third power of temperature (usiigjuation 3.1 This approachto model radiative
transfer through theconduction equationis referred to asthe radiaton diffusion
approximation; it has been showngmovide accurate resulfer optically thick medium

[70].
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3.2: Solution Methodology

To sole themass and energyonservation equations, a material object is divided
into finite volumes (or elements)For 2D axisymmetric objects, the elements are
characterized by two sizelSx andDz. These sizes represent discretization with respect to
the corespondingaxial and radiatoordinatesEach elemenis also characterized by the
massof the components and temperatureede parameters serve as primary object
descriptorsThe dhanges ilmass and temperatungth respect tdime are computed using
a gnall timestep,Dt. Forthex dimension of any object, the time integration is based on
the CrankNicolson schemg6]. A detailed description of this integration procedure can
be found in arearlier publicatiorf21]. A simple explicit integratiorschemes usedfor

thezdirectionsince it is perpendicular to the primary mass and energy transport

It should be noted thd@x of individual elements changes with tinteie to the
expansion/contraction of the objedthese changes, accumulated over time, may have
substantial negative effects on the accuracy of the solution procedure. To minimize these
effects, element thicknessese avaluatedafter every timestep. If an elemenbas a
thickness greatethan a preset value @, it is split irnto two elements. If the element
thickness is less than a preset valuBxpfa fraction of the elemebelowis added to bring
it to the preset thickness. The temperature and composition of the mixed elements are

recalculated to ensuredltonservation of energy and spe@esach time step

Previously performed simulationf©4] indicate that the integration in the

dimension is stable at a wide range of selected values afidDt; however, lhe accuracy
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of the results gradually decreases vdthincreasing value of either of these paramgte
Therefore, to ensure that a given simulation is converged, a sensitivity of the results to the
values of theintegration parameters shouddways be examined. The stability of the
solution in the eplicit integraton dimension %) is subject to a wll-defined condition,

given inEquation 3.1.

£99i>2A* (3.11)
5 .

where A represents eithéhe gas transfer coefficiett) or thermal diffusivity(U=k/} t
of the object, whichever is greatBx = 5x10°m, Dz= 3.5x10° m andDt = 0.01 s represent

a good initial guess for a typical pyrolysis problem employing the 2Dax module.
3.3: Verification of the Two-Dimensional Axisymmetric Model

ThermaKin2Ds was employed to investigate a quantitative coupling of the chemical,
thermal, and physical processes that take place during condensed phase pyrolysis of
charring and intumescent materials. Successful detailed analyses of thessegrimagsto
accurately predicting burning rates for a wide range of materials and fire scenarios. In this
work, the ThermaKin2Ds numerical framework has been utilized, through inverse analysis,
to fully parameterizall critical processes identified in lothe thermally thin (milligram
scale) and thermally thick (grastale) experiments described ahapter 2. This
ThermaKinmodeling framework and methodology has been shown to be successful for
noncharring[55,97], charring[39,57], compositg9,85,98] and flame retardant materials

[99i 101]
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To ensure that theDax modulewas implemented correctly, its performance was
compared to relevant analytical solutidnsmy colleague, Dr. Yan Dindrour verification
cases were examined: heat conduction inxtfexial) andz (radial) directions as well as
mass diffusion in each of these directions. The submodules used witRiDakenodule
for the integration of chemical kinetics and solution of the radiation transport were verified
previously within the framework of the original ThermaK&i] and therefore did ro

require further verification.

3.3.1:HeatConduction

A cylindrical object was defined using temperature independeoyerties The
cylinder wasinitially at a temperaturel; = 300 K and hd a height ofL = 0.005 m and
radius ofW = 0.005 m. The origin of theylindrical coordinatesvasat the center of the
bottomcylindersurface. The top surface boundaty ) wasset to a constant temperature
TL = 1000 K while the bottonand sideboundaies were defined adiabatic. The density,
heat capacity, thermal nductivity, gas transfer coefficient and emissivitthe cylinder

were set a1000 kg n?, 2000 J kg K1, 0.2 W mt K1, 13 10°m? stand 0, respectively.

According toCarslaw and Jaeggt02], the analytical solutiofior the 1D transient

heat conduction in the axial direction is given by

T(xt)=T %acos(/nﬁex;( 1 (3.14)
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where g =k/ c is the thermal diffusivity; andB, and & are given as

2" 2
B, ) AT -T.)cos(/,¥ dxand; = Sa 1 B The infinite series was evaluatednat
" 2

0 (;‘ E
1000 to make sure that the resulting term did not chamgiee ThermaKin2Ds simulation,
the element sizeDK) and time stepvereset at5 3 10° m and 0.01 srespectively The
convergence of the numerical solution was verified by demonstrating that the results were
not sensitive to a factor of four change in the integration paramieiguse 3.1(a) portrays
the comparison athe resultingeémperature profiles at different points in tinfde two

solutionsare in a perfect agreement with each ather

T L ' I (a)l
onl a] Therme.leZDs £=200s __.p
—— Analytical

0.000 0.001 0.002 0.003 0.004 0.005  0.000 0.001 0.002 0.003 0.004 0.005
x (m) z (m)

Figure3.1: A comparisorof the temperature profilegising as a result of transidmat
conductionin the (a) axial and (b) radial directions between the ThermaKin2Ds and
correspondingnalytical solution$102].

Similarly, the transient heat conduction in the radial direction exasnined The
temperature &= Wwas set to a constant vallgy = 1000 K.Thetopand bottonsurface
boundariesvere defined asdiabatic.The analytical solutiorior the 1D transient heat

conduction in the radial directios given by[102]:
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T(Z, t) =T, +2(TiV;/TW) él% 31((/ '14\2/)\/) exp( a /g'[) (3.15)

whereJo andJ; represent Bessel functioriBhe infinite series was evaluatednat308 to
make sure that the resulting term dids fully convergedA comparison of tis solution
with the ThermaKin2Ds simulations shown in Figure 3(b). The two results are in
complete agreement, which indicates that the heat transport in the radial direction is solved

correctly by the2Daxmodule

3.3.2:MassDiffusion

The transient mass diision was examined using the same cylindrical object
(identical dimensions anghysical properties) as that defined in Sectidh13tor heat
conduction The initial gas concentration inside the cylindesset as 0 kg M. For the
axial diffusion caseno mass transpoxvas allowedthrough the side obottom surface
boundary. The gas concentrati(@) at the top surface boundary € L) wasset to be a

constant value of. = 250 kg n.

According toCrank[103], the analytical solutiofior the 1D mass diffusion in the

axial directionis given by:

C(xt)=¢Q Jé_l Beog/, Y exg £ 4 (3.16)
n=
2t 2 1
where B, :IF{C, -G )cos(/,, ¥ dx and/ =Sn = % The infinite series was evaluated
0 ¢ 2 E
using the same apmach as discussed in Section.3.3lso, same integration parameters

were usedn the ThermaKin2Ds simulatioihe convergencef the numerical solution
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was verified by demonstrating that the results were not sensitive to a factor of four change
in the integration parameteiSigure 3.2(a) portrays the comparison of thencentration
profiles in the axial direction obtained frotet analytical solution and simulatiohhe

results are in perfect agreement with each ¢ihdicating a fully converged solution

50 Tghermél('inZDs I {; 20; (a) ] a5 - Tgherme'lK'ilQDS I t; lOs: '(;
Analytical e & | Analytical ' z

200 _:::===:==========""' | 200 P R |

2150y f- N | ] g 150 .
cn £n

=< 100 1 =2 100 1
O O

50 . 50 J

0 ::::::EE!EEE::____:--"‘ ec=e===—8 () R R o T o)

0.000 0.001 0.002 0.003 0.004 0.005 0.000 0.001 0.002 0.003 0.004 0.005
x (m) z (m)

Figure3.2: A comparison of theoncentration profiles arising as a ks transient
mass diffusion in the (a) axial and (b) radial directions betweemhermaKin2Ds and

correspondin@nalytical solution$103].
Similarly, the mass diffusion in the radial direction wasamined The gas
concentration at = Wwasset as a constant value@f = 250 kg m*. No mass transport
wasallowedthrough thetop orbottom surface boundaryhe analytical solutioffior the

1D mass diffusion in the radial directisgiven by{103]:

_. 2le-G)za 3(/.9
Cl2)=G T aE 5w

exp( /- £1) (3.17)

A comparison of this solution with tAghermaKin2Ds simulatiors shown in Figure
3.2(b). The infinite series was evaluatading the same approach ascdssed in Section
3.3.1 for heat conductionThe two results are in coptete agreement, indicatirtbat the

mass transport is solved correctly by Bizaxmodule
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3.4: ThermaKin Modeling Setup and Boundary Conditions

The models constructed in ThermaKin2Ds iis ttvork can be divided into two
categories based on the relative scale (or size) of the experimental configuration. The first
subset of models was used to simulate the thermally thin behavior wiltiggam-scale
experiments conducteith the STAto detemine the kinetics and thermodynamics of
thermal decompositiohe second subset of models was utilized to simulate the thermally
thick behavior of the gasification experiments conducted in the CARAdarameterize
the thermal transponvithin the pyroyzing sample and developing char layé#ris
important to note that the modeling process is hierarchical in nature and the thermal
transport models of the gasification experiments rely on the kinetics and thermodynamics
obtained from the previous milligrascale model development. Throughout the
parameterization process, an attempt was made to minimize the nunbeepéndent
paraneters and thus create the simplest model that captures the experimental data with the

accuracy comparable with their uncemtgi

3.4.1:Modeling Milligram-ScaleExperiments

To model both the TGA and DSC experimental dateermaKin2Ds was utilized in
the 1D-object mode to capture the thermally thin behavior of the experiments. Under this
assumption, the material was prescribed tafoltheactual measureldeating rate of the
STA by defining the convective heat transfer coefficient sufficiently iigbx10° W m?
K1) to ensure the sample followed the temperature profile of the surrowdiiygnment

The model was defined such thhe heat was transferred to the sample purely through
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convection without any contribution from radiatigemissivity defined as zero)lo
account for the thermal inertia preventing the STA from reaching the nominal heating rate
instantaneusly, the actuaheating rate wa captured by an exponentially decaying
sinusoidal functionEquation 3.18

dT .\ _ X .

E(t)—ul{l -exp( wt) geogut) u,sifiud }E (3.18)
wherethe sample temperatuie calculated as a function of timend U, , U, , U, and U,

are user prescribddting parameterdrigure3.3 displays an example of tlexperimental

and modeled heating rate framigid PVC experimentonductedat a nominal heating rate

of 10 K mirtt (0.1667 K &). To achieve the fit ifrigure3.3, the following parametefsr

Equation 3.18were found:U, =0.1667 K &, U, = 0.0030 &, U;=0.0034 &, and

U, =-1.065.
025 Experiments -
—— Model
~ 020+ .
Tm L
:*é’ 0.15F .
0
5
~
o 0.10 | 1
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= 0.05F -
0.00 .
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Figure3.3: STA averagedxperimentalnd fitted (vith Equation 3.18heatingratefor

PVCat 10 K mint.
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Additional heating rate profiles weretéitifor 5 and 20 K mirt, demonstrated in

Figure 34. The parameters identified for 5 K miimre U =0.0834 K &, U, =0.0034 &,
U; =0.0050 &, U, =-1.029,and 20 K mint arel; =0.3313 K &, U, =0.0022 &, U; =

0.0055 &, andU, =-0.6174. It is important to note that for each material (and each

heating rate) investigated in this study, dctualheating rate parameters werettefiand
used forthe model developmentAveraged experimental results from 10 repeated tests
were used to obtain the fitting parameter€Eqtiation 3.18For the sake of brevity, the

actual heating rate parameters are not shown forreatdrial

— 1 * 1 * * 1 * 1 1 - T T Y T Y T T T
0.12 - ©  Experiments (@) - 0.5} (b) . .
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2 g 037 1
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= 0.02} T o1t -
0.00 i 1 1 1 1 1 1 O 0 L 1 L 1 1 1 n 1 ]
0 1500 3000 4500 6000 7500 0 500 1000 1500 2000

t(s) t(s)
Figure 3.4: STA averagedxperimentahnd fitted (withEquation 3.18heating ates for

PVCat(a)5 K mint and(b) 20 K mir?.

The pyrolyzate gases were defined to escape the sample instantaneously. The sample
geometry was defined sufficiently small to ensure temperature and concentration gradients
did not exist (enforcing the thermally thin assumptiof)e thermally thin assumption
reduces the mass and energy conservation equatapgmtion 3.2 andequation3.7,

respectively) teeffectivelyjust the chemical reaction rate term (the first term on the-right
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handside of each equation). Therefore, all component parameters (density, thermal
conductivity, and absorption coefficient) associated with gas transpattiraasfer, and
material expansion/contractiodid not play a rolein the milligramscale modelng

scenaris.

MCC experimental data were subsequently simulated using the previously
parameterized model of the kinetics and thermodynamics of thermal desitorpo
Equation 3.18 was refitted to capture the unique heating rate histories observed in the MCC
tests which were conducted at 10 K rifinThe individual fitting parameters are not shown
for the sake of brevityAdditional details on the MCC modelimgethodology ar@rovided

in section 4.3.

3.4.2:Modeling GramScale Experiments

To model the gasification experimental data, ThermaKin2Ds was employed in the
2Dax object modeThe 2Dax object can be used to seRlpaxisymmetric pyrolysis or
combustion simulatiasin cylindrical coordinate$1D simulations can also be conducted
in the 2Dax object mode by using a single computational element in the radial direction)
This 2Dax geometry was developed to emulate conditions in the CAR®65]| as
described in section 2.3 Roth 1D and 2D versions of the model were utilized in this work;
more details are provided in ChapterThe resulting modslwere constructed based on
the foundation of tl kinetics and thermodynamiesodel parameterize from the TG\
and DSC data setSimilar to the methodology for the STA inverse analysis procedure, the
objedive in this procedure vgato identifythe simplest model that capturdde relevant

physics withn the uncertainty associated with the experimental tools
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The 2Dax object is defined using the cylindrical coordinatesand z, and two
boundaries, top and bottom.= 0 corresponds to the position of the bottom boundary,
which is orthogonal to the coorditex. This bottomboundaryserves as a reference point
for the expansion or contraction diie 2Dax object.z = 0 definesthe center axis of the
object. It should be noted that, either duthtinitial geometry specification and/or due to
materialexparsion or contractiomluring pyrolysis, the top boundary may assume a non
uniform profile (i.e., the object may have thickness that varies with the radial coordinate
2). In the 2Dax object boundary definition the impacts of thiswon-uniformity on the
surfae area and heat exposure of the top boundary are taken into attthistwork, the
top surface boundary conditions were defined such that the pyrolyzate gases escaped

uninhibitedfrom the sample solid at the tbpundary

To emulate the CAPA Il expeniental conditionst the top surface of the sample
theheat fluxesvere definedo account fotheeffects of the sample surface changes on the
radiation and the radilependent convectivheat transfercoefficients The external
CAPA heat flux module weaemployed to capture the top surface radiation and convection
profiles as described sections 2.3.2.2 and 2.3.2r8spectivelyThe top surface radiation
was captured by Equation 2.3 and Equation 2.4 to account for the known radiation incident
to the @olving sample surface as a function smple surface position, including its
angular orientationTo account for the temperature of the nitrogen gas surrounding the
pyrolyzing sample, which defindtie convective losseEguation2.7 was employed |t is
important to note that a constant background temperatufBimef = 290 K, which

corresponded to the temperature of the heat flux transducer, was used as a baseline for the
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temperature fitting process. Equation grévideda timeresolved history ofthe ewlving
nitrogengastemperatureas showrabovein Figure 2.16the heat fluxdependent fitting
parameters are tabuldten Table 2.4 The spatiallyresolved top surface convective heat
transfer coefficient, shown in Equation 2.6, was employed to compatéop surface

convective losses.

The bottom surfaceradiation and convectivéoundary conditionsvere treated
differentlythan thetop sample surface sintee electric heater was not directly incident to
thebottomsample surfacéHere,a smallradiative and convectivheat flux was applied to
the bottom sample surfacerapresent the energy transfer as a result oétodvingbottom
sample surfaceand environmental temperatugeThe environmental temperature at the
bottom of the sample waassumed tdbe identical to the temperature of thmner
gasification chambewall; the heat fluxdependent inner gasification chamber temperature
profiles are provided in Figure 2.17 in section 2.3.Z@&.simplify the definition of the
bottom surface boundary condits within the ThermaKin2Ds model, piecavise
function was subsequentgmployedto capture the dominantansient and steady state
behaviorof the inner gasification chamber waimperaturs; the piecewise function is

given byEquation 3.1&ndEquatian 3.20

bt if t< 800 ¢
T (1) :{Twauss if t2 800 3.19
b= (Twall,ss - T ) (3.20)
800 s '

whereTwall is theinstantaeoustemperature of the inner gasification chamber Vilaly ss

is the steady state temperature of the inner gasification chambermedkured at
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approximately 800 sandTp is the initial environmental background temperangarthe

bottom sample stace.

The inner gasification chamber walemperatureconsisted of a linear increase
beginning afTe until Twai,sswas reached at 800(a representativéime when the inner
gasification chamber wall reached a steady staleg. Tp = 300 K andhe stady state
temperature valuessed in this studfor 30, 40, 60, and 80 kW Awere 316, 323, 334,
and 343 K Theconvectivelossesfrom the bottom sample surfacgascalculatedwith a
constantonvectiveheat transfer coefficierfd W m? K1) defined insection 2.3.2.3The
small radiation contributiomvas computed to account ftre radiant heat flux from the
inner gasification chamber wall to the bottom sample surfeee radiant heat flux from

the inner gasification chamber wall to the bottom sampttacel was approximateas

sT?

wall

wherel is the StefafBoltzmann constant an@lvai is the timedependent inner

gasification chamber wall temperature given by Equation 3.19.
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Chapter 4: Milligram -scaleResults and Analysis

A series ofmilligram-scde experiments were conducted to characterize the kinetics
and thermodynamics ¢hermaldecomposition as well as the heats of combustion of the
releasd pyrolyzate gases. TGA dataeve used to describe the kineticd thermal
decompositionby determiningArrhenius reaction rate parameters and stoichiometric
coefficients for each reaction. The DSC dataset was employed to determine the heat
capacity andheats of reactionf eachcondensegbhase componeiind chemical reaction,
respectively Finally, MCC datavereutilized to estimate the associated heatsoofiplete
combustion for the volatile gases released during the thermal decomposition process.
eachreaction scheméahe model dichot resolve individual elementargactions; instead,
it capturedglobal trends ofthermaldecompositionA detaileddescriptionof the results
and analysis of the TGA, DSC, and M@&periments and subsequent inverse anadysis

providedin sections 4.1 4.3 respectively
4.1: TGA: Kinetics of Thermal D ecomposition

4.1.1:Developmenbf Kinetics of Thermal Decomposition ddiek

The averaged TGAxperimentadata of PVC, FPVC, PC,BEK, and PVDF are
presented as symbols in Figures #.4.5. The experimentainstantaneous mass), and
associated mass loss raermalized by the initialass,mo, are showras a funabn of
temperature. The MLR vgaobtained by calculating the first numerical derivative of the

normalized mass signal. The portrayed data averaged results from 10 repeated
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experiments. The error was calculated as two stdrikviations of the medisome error
bars are difficult to discern because they are comparable in size to the data syrhbeks)
TGA dataset wereused to determine the kinetics tbiermaldecompositionA detailed
description of the methodology is prded for the rigid PVC dataset and was applied to

the remaining materials following an identical procedure.

The experimentaigid PVCMLR profile contairedtwo prominent peak&hown in
Figure 4.1b)), the first at 570 K and the second at 74M&th corresponding to thermal
decomposition. The first maximm is known to be primarily associatedth the release of
hydrogen chloride (HCI)PVC is known to undergo a twsiep decomposition process,
where the first, low temperature step is dominated by the ptiodwf HCI[22,104] The

decomposition produsd9 wt. % of the final condenseghaseresidueor char

T T T T T
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Figure4.1: Averaged experimental and modetemmalized(a) mass and (WILR data

obtained for PV@hermal decompositioat a nominal heating rate of 10 K ritin
Inverse modeling of the TGA data was performed uaimgpproachadopted from
severakarlier publication$39,97 100,105] adescriptian of the methodologis provided
here. A single firsbrderArrheniusreaction was initially employed to model the TGA data.
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The stoichiometric coefficients of this reaction were initially set to capture the aésidu
yield observed in the TGA experimenighe Arrheniusactivation energyH) and pre
exponential factor A) of this reaction were initially estimated usirige analytical
expressiongliven in Equatiom.1 andEquation4.2[106], whichrelatethese parameters

to the temperature and height béttargeted MLR peak.

aMLR
eRJ -I;)Zeakﬁ n,bpeak

E= ¢ T (4.1)

(1- q)a

A: MLRpeak expé E
(Tpeak)' maq g % 4.2)

1- g 0

By L

whereRy is the universal gas constant dneakis thetemperature associated with the peak
mass loss ratMLRyeakis the magnitude of theepk mass loss rate and is the initial

mass of the condensed phase reacths. the stoichiometric mass coefficient which
describes the residual char yielti/dt is the nominal STA heating rate, ant{Tpeay
denotes thanstantaneoumass corresponding to the temperature at the peak mass loss rate.
Subsequently,E and A were reined through a manually iterative process using
ThermaKir2Ds until the modeling results were found to be in agreement with the

experimental data.

The reaction parameter manipulation was based on the following observations: an
increase in the activation egg shifted the MLR curve to a higher temperature and

reduced the height of the peak; an increase in thexpenential factor shifted the MLR
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curve to a lower temperature and increased the height of the peak. The agreement was
declared satisfactory whehe differences between the average experimental and modeled
final mass residues, and temperatures and magnitudes of MLR maxima were found to be
within 3%, 5 K and 8%, respectivelyf it was impossible to achieve such agreement, an
additional reaction wa added to the reaction scheme and its parameters were adjusted
iteratively to achieve further improvemeiithe objective of this study was to derive the
simplestreaction scheme possible whichdihe capabilityof predicting the experimental

data withinthe predefined fitting criteria.

In the case ofigid PVC, five consecutivenass losgeactions were required to
capture the intricacies of the initial rise, multiple maxiraad final decay of the MLR
within the accuracy of thastrumentation These redmns, PVC Reactions 2o 6, and
their Arrheniusparametersarelistedin Table4.1 (Reaction 1 describes a glass transition
and did not incur mass loss, therefore, it will be discussed in more detail in sectidn 4.2)
is important to note that the decpasition parameters of all polymers studied in this work
arealsopresented in Table 4.1 and will be discussed latee.component names used in
the reaction definitions are sadkplanatoryThe resulting modgiredicted mass and MLR
(solid lines)is conpared with the experimental TGA dateFigure 4.1 ThemodeledMLR
contributionsfrom each reactiorare portrayed aslashed lines irFigure 4.1(b). It is
important to note that the total modeled MI$vlid line)is the summation of the MLR

contribution fom each reactiofdashed lines)
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Table4.1: Reaction scheme and kinetic parameters for the thermal decomposition of
PVC,FPVC, PC, EEEK, and F/DF. It is important to note that some of the reactions in
this table represent phase transitions within the reaction mecharesm, a negative
value for heats of reactioh)represeregd endothermic processes

Reaction A (s} Ea(@molY)  hJkg?)

1 PVC PYC GT 6.0x10% 2.80x10° 0
PVC_GTY 0. 96 RVC

2 +004 PVC @l 1.4x10% 3.36x1C° -3.00x10°
g PVC_Re 3_212 P\\';C gé T 14105 5AXIF  -6.20<10°
4 PVC_Re 3_23 ch_gg S 1410 12816 -1.2810F
5 PVC_R ° g.fo PJC_(%; ' 3100 170:1F 14810
g VCRed +Z_5lopvé‘ o ¢ 30100 18010 6700
1 FRV C +E%SZGFF;\\//%—F§§ 15x102  3.41x10° 1.8x10"
o FPVC_ Rf‘o‘f‘?é FPiC_%é 2 70<10% 15610 -2.5x10°
3 FPVC_ R+eo§2§ FPT/C_%:; 7 3.0x0° 1.7%10° -1.0x10"
4 FPVEReS 3_650#\/305@ J Flaoxio® 1816  -3.0x10°
1 PC WC.GT B 6.0x10% 3.4x10° 0

2 PC—GW+ 0_% ffc—@g;l 6.0x107°  4.8%10P 1.5¢10"
3 PC_RestyY N 0%‘ FF’,CC—%ZAR 3.0x10° 9.2x10" 1.5¢10"
1 PEEK Y PEEK 3510° 4151F  -3.910
2 PEEK _+I\c/|).Zopé)Ek_6c3251 P a1 501 2.6810F
3 PEEK_Resl Y 0B 5.2¢10" 1.01x10P

+ 0.16 EEEK Gas?2

1 PVDF Y PVDF 7.0x10%8 2.6x10° -5.34x10%

PVDF_ MYV PUDF9Res1
+0.05 PVDF_Gasl

PVDF ResY 0. 26 PVD
+0.74 R/DF_Gas?

6.0x10%° 4.66x10° -1.18x10°

2.6x10° 8.2x10P 4.6x10°
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The FPVC experimental MLR profile contains two prominent peakisoth
corresponding to thermal decompositiaas shown in Figure 4.ZThis double peak
structurewas similar to that of rigid PVhowever, the experinméal peaks were much
more symmetric in the case of FPVThe first maxinum, occurring in the temperature
range of approximately 500600 K, is likely associateavith boththe release of hydrogen
chloride (HCl)and the plasticizer additiveBhe second nateable experimental peak was
observedo take placén the temperature range of approximately 6@D0K. Thethermal

decomposition produde6.4wt. % of the final condensephaseesidue.

Inverse analyses of the FPVC data were conducted employing aticadle
parameterization methodology as described previously for rigid PW& fully
parameterizé FPVCthermaldecomposition model was found to reqdar consecutive
mass loss rate reactions to capture the experimental TGAadap@rtrayed iffable4.1.
Due to the symmetric experimental peaks, the resulting modeFRPMC had fewer
necessary reactions th#re rigid PVC thermaldecomposition modellhe results of the
fully parameterize kinetics model are shown Figure4.2 as the solid lines. The M

contributionsof each reaction aggortrayed as thdashed lineg Figure4.2(b).
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Figure4.2: Averaged experimental and modetemmalized(a) mass and ()ILR data
obtained foilrPVCthermal decomposiin at a nominal heating rate of 10 K rdin

The PCexperimentaMLR profile containsa singleprominent peakcorresponding
to thermal decompositioras shown in Figure 4.3'he entirety of the mass loss was
observed to occuin the temperature range ofpproximately 750i 900 K, with the
maximum mass loss peak occurring at approximately 80thKthermaldecomposition
produce 26wt. % ofthe final condensegdhase chaidnverse analysis of theQPdata vas
conducteddentically to the rigid PVC dataset order to fully parameterize a thermal
decomposition modelThe fully parameterized PC thermal decomposition model was
found to requiréwo consecutive mass loss rate reactions to capture the experimental TGA
data, as portrayed ifiable 4.1 Thesecond cosecutive mass loss reaction was required to
capture the slow secondary decompositbservedat higher temperatures, as shown in
Figure 4.3 Reaction 1 representgghass transitiorand did not incur mass loss, therefore,
it will be discussed in more deltan section 4.2.The resuling predictionsof the fully

parameterized kinetics model are shagrsolid linesn Figure 43.
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Figure4.3: Averaged experimental and modetemmalized(a) mass and ()ILR data
obtained for PGhermal decompositioat a nominal heating rate of 10 K rdin

The PEEK experimentaMLR profile containsa singleprominent peaKsimilar to
PC),corresponding to thermal decompositias shown in Figure 4.Zheentirety of the
massloss was observed to occur over a tempeeatange of approximately 825900K,
with the maximum mass loss peak occurring at approximately 860 K. The thermal
decomposition produced substantial final condendese residue (50 wt. %). Inverse
analysis 6the PEEK data was conducted identically to the rigid PVC dataset in order to
fully parameterize a thermal decomposition model. The fully parameteriziel thermal
decomposition model was found to require two consecutive mass loss rate reactions to
captue the experimental TGA data, as portrayediable 4.1 A second consecutive mass
loss reaction was required to capture the slow secondary decompostioring between
9007 1100 K, as shown in Figure 4..Reaction 1 represents a melting process amhaaol

incur mass loss, therefore, it will be discussed in more detail in sectiohhé 2esulting

predictions of the fully parameterized kinetics model are showAgure 44 as the solid

lines.
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Figure4.4: Averaged experimental and modetemtmalized(a) mass and ()ILR data
obtained for PEEKhermal decompositioat a nominal heating rate of 10 K rdin

The PVDF experimentaMLR profile contains singlepeak similar to both PC and
PEEK thermal decaposition, as shown in Figure 4.9he maxinum MLR peak
corresponding with thermal decompositiowas observed to occuover a narrow
temperatve range of approximately 730780 K. Thethermaldecomposition produde25
wt. % of the final condensephaseresidueor char In the case oPVDF, two consecutive
mass losseactions were required to capture the intricacies of @& MLR profile within
the accuracy of thenstrumentationThe first reaction was required to capture shav
onset of decompositiopreceding the dominant mass loss peak, as shown in Figure 4.5.
These reaction®VDF Reaction® 1 3, and their Arrhenius parametearelistedin Table
4.1 (Reaction Irepresents meltingprocessand did not incur mass loss, therefore, it will
be discgsed in more detail in section 4.2). The resulting model predicted mass and MLR
(solid lines)is compared with the egpimental TGA data in Figure 4.5he modeled MLR

contributions from each reaction are portrayed as dashed likeguire 4.%b).
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Figure4.5: Averaged experimental and modeled (a) normalized mass and (b) normalized
mass loss rate data obtained for PVDF at a nominal heating rate of 10K min

4.1.2:Validation ofKinetics of ThermalDecompositiorModels

The kinetics modsilfor the thermal decomposition all materials werealidated by
comparing simulated and experimental results from additional TGA datasets obtained at
nominal heating rates of 5 and 20 K mimsshown inFigures 4.67 4.1Q The kinetics
modebk, parameterize: from data collected at @ominal heating rate of 10 K minwere
utilized to estimate the normalized masstloé extrapolatecheating intensities The
resulting model predictions were found to provide excellent agreemenithwthe
experimental data for PVEPVC, PC, and PEEKas depicted in Figures 4.61.9. There
aremorenotable deviationshoweverpetween the experimental and simulated datasets for
PVDF at higher temperatureas displayed in Figure 4.10hesediscre@ndes arelikely
associated with the imperfections of the original model constructed at a nominal heating
rate of 10 K mint, where similar differences we observedlthoughto a lesser extent.
However,a satisfactoryagreementvas achievethetween thexperimental and simulated
TGA datafor all materials as shown in Figue4.61 4.10 The reasonable agreement
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provided additional confidence that the kinetics madekere capable of simulatinghe

thermal decompositioof PVC, FPVC, PC, PEEK, and PVDé&r a wide range of heating

conditions
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Figure4.6: Averaged experimental and modeled normalized MLR data for PVC thermal

decomposition at nominal heating rates of (a) 5 and (b) 20 K.min
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Figure4.7: Averagedexperimentahnd modeled normalized MLR data for FPVC thermal

decomposition at nominal heating rates of (a) 5 and (b) 20 E.min
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Figure4.8: Averagedexperimental and modeled normalized MLR data for PC thermal

decomposition at nominal heating rates of (a) 5 and (b) 20 K.min
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Figure4.9: Averaged experimental and modeled normalized MLR data for PE&ihal
decomposition at nominal heating rates of (a) 5 and (b) 20 K.min
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Figure4.10: Averaged experimental and modeled normalized MLR data for PVDF
thermal decomposition at nominal heating rates o5 @)d (b) 20 K min.

4.2: DSC: HeatCapacity and Thermodynamics ofThermal Decomposition

The average DSC data of PVC, FPVC, PC, PEEK, and PVDF experimesit®ane
as symbols in Figures 4.114.15. The heat flow to theample and integral heat flow, both
nomalized by the initial mass, are presshas a function of temperatufde irtegral heat
flow to the sample wacomputed as the summation of all heat floffiréon the thermally
decomposing samplélere, positive values of heat flowdicateendothermigorocesses
The DSC data are the average of 10 repeated experimentstrédlbars wereomputed

from the scatter of the da#@ two standard deviations of the mean.

Utilizing the fully parameterized kinetics of thermal decomposition model as the
basis, iwverse analysis of the DSC experimental data was conducted to obtain heat
capacities and heats of reaction for each component and reaction, respectively, in the
modeling scheme. All DSC experiments, performed in tandem with TGA, were conducted
at a nominaheating rate of 10 Knint. The DSC heat flow dataere mathematically
represented as shownEquation 4.3
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where ¢ is the total heat flow to the sample aR@, is the initial mass of the reactai.

is the number of componentéjs the total sample volumeX/; is the concentration of the
j-th componentC; is the specificheat capacity of theth component, an¢ﬂT/ Lis the

nominal STA heating ratd\, is the number of reactants,is the reaction rate of tieth

component, andY, is the heat of reaction for theh component.

The DSC inverse analysis procedure was divided into two main sections: the first
section consisted of computing the sensible enthalpy baseline and the second section
involved calculating the heat flow assateid with reactions and physical transitions. The
first term on the righhandside of Equation 4.3 represents the sensible enthalpy baseline.
In the absence ahemicalreactions taking place, the sensible enthalpy baseline was used
to approximate the heflow into the decomposing samplehe second term on the right
handside of Equation 4.3 represents the heat absorbed or released (endothermic or
exothermic) because of one or more chemical reactiocisringwithin thedecomposing

material.

The normalzed heat flow curve of PVC decomposition, presentefdignre 4.11
contains several distinct maxima that clgsebrrespond to those observedthe MLR
profile. The first local maximum however, occurred at approximately 350 K, which
corresponded to thglass transition temperature of PYID7]. This glasstransition took
place prior to any observed mass loss. The next maximum, occurring at 575 K, represented
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the first stage of thermal decompam of the polymer. The last maximum, occurring at

approximately 750 K, represented the second stage of thermal decomposition of PVC.

The heat flow data were analyzed by first focusing on the regions not associated with
thermal decomposition. The dat@esponding to these regions were divided byDiBE
experimentalnstantaneous heating rate and fitted with linear functions representing heat
capacitieof the corresponding condensgldase components. &lneat flow data between
3137 350K and 3501 500 K wereused to determine the heat capacities of PVC and
PVC_GTcomponents representing the polyrbeforeand dter its glass transitiofil07].

PVC Reaction 1(seeTable4.1) was added to the eeshanismduring the DSC inverse
analysisto simulate tis glasstransition. The heat capacity of PVC_Resl was assumed
identical to PVC_GT. The heat capacity of PVC_CHAR was computed from independent
DSC measurementsonducted orthe final fully decomposedesidue as described in
section 2.2.11t was assumed that the heat capacity of PVC_Res4 was identical to
PVC_CHARsince they occumnia very similar temperature rangéhe heat capacity of the
remaining intermediate condensgllasecomponentgPVC_Res2 ad PVC_Res3) were
assumed identical and equal to the average heat capacity of PVC_GT and PVC_CHAR.

All heat capaity values are listed in Table 4.2

The sensible heat flow baseline was subsequently calculated as a product of the mass
fractions of condensephase components (whose temporal evolution was computed by
ThermaKir2Ds), corresponding heat capacitiesd the instantaneous heating rate. The
baseline obtained for PVC is shoas adashedine in Figure 4.11a). Subtraction of this

baseline from the armalized experimental heat flow and subsequent integration of the
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differences yielded the values of the heats of decompoditidineheats otlecomposition

were subsequently refinedntil the simulated heat flow maximaeve within 10%,
temperature of the maximawerewithin 8 K, and the final integral heat flow value was
within 5% of the corresponding experimental data. The resuteBVC model, capturing

the thermodynamics of thermal decompositeme, showras solid linesn Figure 4.11The
resuling heats ofall decompositiomeactionsare listed in Tabld.1. It was found that both
endothermic and exothermic reactions were required to adequately capture the

experimental data; endothermic processes, however, were the most dominant.
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Figure4.11: Experimental and modeled normalized (a) heat flow and (b) integral heat
flow to the PVC sample during thermal decomposition at a heating rate of 10% min
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Table4.2: Heat capacities of condenspldasecomponents for PVGEPVC, PC, FEEK,

and R/DF thermaldecomposition

Component ¢ (J kg*K™) Component ¢ (J kgt K™?)
PVC -2259 + 10.0 PVC_Re8 -456 + 3.8
PVC GT 37+4.0 PVC _Red  -875+3.T
PVC Rsl  -37+4.0 PVC_CHAR -875+3.T
PVC_Re&  -456 + 3.89
FPVC -221+5.7 FPVC_ReS8 1700
FPVC_Red 739.5+25% FPVC_CHAR 1700
FPVC_Re& 739.5+25%

PC -294 + 4.7 PC_Resl 87 + 1.5T
PC_GT 675 + 2.0 PC_CHAR  87+19
PEEK -350 + 41 PEEK_Resl 6325+ 2.3%

PEEK_M 1235+ 1.7 PEEK_CHAR 30 +3r
PVDF -673 + 5.8T PVDF_Resl 179+04
PVDF_M 726.7+2.T PVDF_CHAR 179+04

The normalized heat flowlataof FPVC thermaldecompositiorpresentd several
distinct features in thexpeimental dataset, as shown kigure 4.12 The first notable
maximum, occurring at approximateB75 K, representedhe first stage otthermal
decomposition. Theecondmaximum, occurring at approximately 750 K, represdttie
second distinct step in thieermal decomposition ¢fPVC. The glass transan, as shown
in therigid PVC data, wa not observed fdePVC. Therefore the FPVC reaction scheme,
as shown in Table 4.1, empldgair reactions to describe the kinetics and thermodynamics

of thermal decomgsition.
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The heat flow data were analyzed by first focusing on the regions not associated with
melting or decompositionsing an identical methodology described in detail for rigid PVC
The heat flow data between 313 and %0Were used to determine the heapacity of
undecomposed FPVQue to the small residual char yigl@.4 wt. %) eliminating the
feasibility of independent DSC experimenthe heat capacity oFPVC_CHAR was
prescribed to be the average heat capacity of chars generated by severahtapres
charring polymer§39]. It was assumed that the heat capacity of FPVC_Res3 was identical
to FPVC_CHARdue to the reaain occurring at a similar temperature rarlyes believed
that the constant heat capacity for the FPVC_ResF&WC_ CHARIs responsible for
the model slightly undepredicting the heat flow at high temperagj@s shown ifrigure
4.12 The heat capagit of the remaining intermediate condengddhse products
(FPVC_Resl and FPVC_Res2) were assumed identical and equal to the average heat
capacity of FPVC and FPVC_ CHAR reduce the number of independently adjustable
parameters. All heat capacity valuasociated with FPVC thermal decompositiare

listed in Table4 2.

The sensible heat flow baseline was subsequently calciitatE®VCandis shown
as a dotted line irFigure 4.12a). The resuihg heats of reaction of FPVC thermal
decomposition, estimadeghrough an identical inverse analysis methodology employed for
rigid PVC,are showras solid linesn Figure 4.12 The heats of decomposition,leted in

Table4.1, are all endothermic processes
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Figure4.12: Experimental and modeled normalized (a) heat flow and (b) integral heat
flow to FPVCduring thermal decomposition at a nominal heating rate of 10 K.min

The normalized hedtow data of PC decomposition astown inFigure 4.13to
display severatlistinct features in the experimental dataset, which closely correspond to
the MLR profile The first notable maximum, occurring at approximately 420 K, is
associated with the melting process of PC. The second maximum (750 K), occurring just
prior to a shrp decrease in heat flow, represented the first step in the thermal
decomposition of €. A small secondary exothermic reaction svabserved to occur
consecutively immediately following the primary reactidime PC reaction scheme, as
shown in Table 4.1,meployedthreereactions to describe the kinetics and thermodynamics

of PC thermal decomposition.

The heat flow data were analyzesgingthe same process descrildfed both rigid
PVC and FPVC The heat flow datébelow the melting point (420 Kyvere used to
determine the éat capacity ofheundecomposed® The heat capacity of the component
after the glass transition(PC_GT) was estimated prior to any incurred mass loss.

Independent DSC experiments were employed to determine the heat capacity of the
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PC_CHARcomponent with data carefully resolved from 40000 K. It was assumed that

the heat capacity dhe intermediate componemC_Reslwas identical to PCCHAR

due to the reaction occurring at a similar temperature rahifjdeat capacity values
associagd with PC thermal decompositiareprovidedin Table4.2.The sensible heat flow
baseline was subsequently calculated PC thermaldecompositiorandis shown as a
dotted line inFigure 4.18a). The resuihg heats of reaction of PC thermal decomposjtion
estimated through an identical inverse analysis methodology employeatfioigid PVC

and FPVC areprovided in Table 4.1t was found that the PC decomposition reactions
consume or produce negligible heat flow, as indicated by the small heatstmir.cEtre
resulting model predicted heat flow and integral heat flow are shown as solid Figsria

4.13 The large discrepancies observed in the high temperature region of the dataset was
attributed to the reduced sensitivity of the DSC instrumemtafitle independent DSC
measurements of the PC_CHAR componeedat flow provided a means to accurately
parameterize the heat capacity of the PC_CHAR component, therefore providing

confidencean the accuracy of the model
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Figure4.13: Experimental and modeled normalized (a) heat flow and (b) integral heat

flow to PC during thermal decomposition at a nominal heating rate of 10 K min
The normalized heat flow data of PEEKermaldecomposition presesd seveal

distinct features in the experimental dataset, as shovagure 4.14 All experimental
maxima were shown tosely correspond to the MLR profil€he first notable maximum,
occurring at approximately 610 K, representedehéothermianelting processf PEEK
thermaldecomposition. A notablexothermic peak was observed at approximately 860 K
and was related to mass loss. A small secondary exothermic reaction odoutined
temperature range of 9001100 K, which was also associated watinass losseaction
Thereaction schemtor PEEK thermal decompositipas shown in Table 4.1, employed
threereactions to describe the kinetigsthermal decompositioas well the endothermic
and exothermic heat flow process€éle observedverallexothermicity d PEEK thermal
decomposition was attributed to the substantial residual char yield. It was found in a
previous study39] that he relationship between the exotinér decomposition ana high
char yield can be explained by the high thermodynamic stability of the resulting

carbonaceous char. It was found that when a high char yield was produced, the
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thermodynamic stability of the paner char compensated for an increase in enthalpy

associated with the formulation of small molecular mass volatiles.

The PEEK heat flow data were analyzed by first focusing on the regions not

associated witthermaldecomposition. Té heat flow data betvea 3137 475 K and525

T 800 K wereused to deirmine the heat capacities of PEBKd FEEK_M componats
representing the polymer before and aftermelting process The first reaction in the
PEEK thermal decomposition reaction mechanishgwn in Table 4, was addedluring

the DSC inverse analysio simulate tis melting process The heat capacity of
PVC_CHAR was computed from independ®8C measurement®nducted orthe final

fully decomposed residum a temperature range of 50900 K The intermedhte
component (PEEK Resl) was estimated to be an average of the PEEK M and

PEEK_CHAR heat capacitie8ll PEEKheat capaty values are listed in Table 4.2

The sensible heat flow baseline was subsequently calcultaedPEEK
decompositionand is shown & a dotted line irFigure 4.14a). The resulihg heats of
reaction of PEEK thermal decomposition, estimated through an identical inverse analysis
methodology employed for both PV&hd PC arepresented in Table 4.1. The resulting
model predicted heat floand integral heat flowhownas solid linesn Figure 4.14PEEK
was found to be much more thermally stable thitwer materials investigated in this study

due to the substantially higher residual char yield
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Figure4.14: Experimental and modeled normalized (a) heat flow and (b) integral heat
flow to/from PEEK during thermal decomposition at a heating rate of 10 R.min

The normalized heat flow data o¥/BF decomposition are shown Figure 4.15
The firstmaximumwas associated with the melting process 6DIF, which was found to
be at approximately 450.KA second peak in the heat flgwofile was observed to occur
at approximately 750 K, which was related to an endothermic reaction resulting from mass
loss, and was immediatefgllowed by an exothermic reactiomn the case of PVDF, a
unique phenomenon was obserweldere the heat flow drastically transitioned from an
endothermic to an exothermic regime. Traditionally, most polymers are predominantly
endohermic in nature during thermal decomposition (with the exception of those which
produce a substantial char yield, as discussed with PEEK); however, PVDF demonstrated
a split between endothermic and exothermic behaVioe P/DF reaction schemeas
shown h Table 4.1, employed thraeactions to describe the kinetics as well as the

endothermic and exothermic processes associatedPWidir thermal decomposition.

The heat flow data between 313125K and 475/ 700K wereused to dermine

the heat capacitiesf the undecomposed (PVDENnd melt (PVDF_M) components,
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representing the polymedoefore and after its melting temperature; this temperature
transition was captured lifie introduction oPVDF Reaction 1 asshown in Table 4.1

The heat capacity of PVC_@&R was computed from independddEC measurements
conducted orthe final fully decomposed residue in a temperature range of Z60 K

The heat capacity of PVDF_Resl was assumed equal to the heat capacity of the final
residual component (PVDF_CHARAIl PVDFheat capaty values are listed in Table 4.2

The sensible heat flow baseline was subsequently calcditat®¥DF andis shown as a
dotted line inFigure 4.1%a). Theheat flow prediction®f PVDF thermal decomposition

are shownin Table 4.1. The redting simulations are shown to capture both the

endothermic and exothermic procesassolid linesn Figure 4.15
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Figure4.15: Experimental and modeled normalized (a) heat flow and (b) integral heat

flow tofrom PVDF during thermal decomposition at a heating rate of 10 Ktmin
The heat capacities determined abfwreall the materialsre strictly for condensed
phase components. Therefore, it is important to prescribe heat capacities for the gaseous
products of thermal decompositiomhe heat capacity of all gaseous decomposition

products were assumed equal to 2100-3Kdg, which was the mean heat capacities of a
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collection of C1 to C8 hydrocarbons at a temperature of 6QD0K]. It was found that
varying the heat capacity of gaseous products had negligible impact on the modeling

results.

4.3: MCC: Heats of Complete Combudion of Volatile GasesEvolved from Thermal

Decomposition

The meanexperimentaHRR and total heat releas&@H{R) dataobtained forPVC,
FPVC, PC, PEEK, and PVDF combustion, determined through the oxygen consumption
principle in the MCCtests arepresenteds a function of sample temperaturd=igures
4.167 4.20. Both values were normalized by the initial sample mBss.heats ofomplete
combustionheoms, 0f gaseous components defined in the reaction mechasusnmarized
in Table4.1) were determinethrough simulatin ofthe MCC data MLR profiles were
simulatedemployingheating rate histories specific to the MCC as wethaspreviously
determinedeaction mechanism and associated paramigtarsthe STA inverse analysis

HRR is directly related tMLR through the heat of combustion, as shown in Equation 4.4

N
HRRotal = ql I’Jombi MLF\l) (44)
where HRR  is the total heat release rafé.is the number ofaseouscomponentsily;

denotes the heat of complete combustion of-thgjaseous producand MLR: is thetime-

temperature dependent mass loss rate aftingaseouproduct of decomposition

Initial comparisms between the experimentdRR and modeledVILR profiles

generated using the heating rate history specific to the M&€aled some discrepancies
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Thesdanconsistenciewere identified through a recognition that amynificant heat release
should requie a concurrent mass losBhese discrepancies were attributed to sample
temperature deviations measured by the MCC sensowarakcorrected by shifting the
experimental curves to a slightly higher temperatasedepicted bgashed lines ikigures
4.161 4.20. The magnitude of theemperaturahiftin the HRRprofiles for PC, PEEK, and

PVDF (not shown to improve readability of the figuresye 6, 5, and 8.5 K, respectively.

The heats of combustion were first estimated by dividingsttited experimental
HRR data by the rate of production of gaseous components computed by The2DaKin
(consistent with Equation 4.4A simulatedHRR curve was subsequently generatisthg
the estimatedcomb vValues. The values ohcompWerefurtherrefined until the simul&d and
experimentaHRR andTHR data agreed within established MCC criteria. The criteria were
defined as differences of less tt&¥ between the heighof the experimental and modeled
HRR maxima, less than 10 K between the tempesatof the maximandless than 8%
between the final integral HRR valuéhe determined values for the heats of complete
combustion of all materials studiéa this workwere within asimilar range based on a
previousextensivestudyconducted on numerous polym¢i®9]. The resulting heats of
completecombustion argivenin Table4.3. The MCC datasimulated using these heats of
combustion arshownfor PVC, FPVC, PC, PEEK, and PVDdssolid lines in Figures
4.1671 4.20Q respectivelyThe resulting HRR medictions for all materials wer@aptured

well by the modelsleveloped through invee analysis of STAnd MCCdata
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releasaate andb) total heatrelease from MCC tests on PVDF at 10 K thin

Table4.3: Heats ofcompletecombustion oPVC,FPVC, PC, EEEK, and R/DF gaseous

decomposition products (positives values represent exothermic processes)

Component  hcomb (J kgt) Component  hcomb (J kg?)
PVC_ Gasl 1.20<10 PVC_ Gast 1.80¢<10
PVC_ &2 1.30x10° PVC_GasdH 3.65<10
PVC_&s3 2.80<1C°
FPVC_Gasl 9.50x1¢° FPVC _Gas3 3.65<10
FPVC _Gag 1.62x10 FPVC _Gast 44210
PC_Gasl 2.75<10 PC_&G<x 2.75x10
PEEK_Gasl 2.45x10 PEEK_Gas2 2.00x16
PVDF_Gasl 1.80x10 PVDF_Gas2 5.52x16
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Chapter 5: Gram-scale Results and\nalysis

In-depth radiation absorption measurements and CAPA Il gasification experiments
were conducted on PVEPVC, PC, PEEK, and PVDF grasized samplesAll radiation
absorption measurements were conducted in duplicate at a single heater setting (for each
material) in accordance with section 2.3rilthe gasification experiments, each material
was subjected to a minimum of two incident hdaxds which represerdgd a range of
thermal exposure. The lower incident heat #ex pointwas chosen to captuaerelatively
slowrate ofpyrolysis ofeachmaterialto obtain fully resolvd experimental datahile the
higher heat fluxwas chosen tdette representeal fire like conditions. All CAPA Il

experiments were conducted in accordance with the methodology detatdion 2.32.

Building upon themilligram-scalemodel of thekinetics and thermodynamics of
thermal decomposition, ThermaKin2Dsnsilations were expanded to emulate the CAPA
Il experiments by incorporating all relevant boundary conditiseg section 3.2) and
adequately accounting for thermal transpuesthin the decomposing polymers and
developing charThe optical propertiegemissivity and absorption coefficient®f the
undecomposed material and final residual char are discussed in $ettidime density
and thermal conductivity of each component were parameterized through a manually
iterative inverse analysis procedure atilig the sample shape profiles and bottom
temperature histories, respectively, as fitting targets. The density of all gaseous products
were defined not to contribute to the volume of solid samples. Finally, the modeled MLR

results were compared to mean enmental MLR data formodel validation. A
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methodology to construct the simplest model possible (fewest independent parameters)
while also capturing the experimental data witiie accuracy of the instrumentatioas

adopted in thenodeldevelopment pross.
5.1: Absorption Coefficient Measurements

Analysis of the granscale experiments requitknowledge of the optical properties
(emissivity () and absorption coefficien(a)) of all thecomponents priori; therefore, a
summary is provided. In an effort tamglify the model developmenand reduce the
number of adjustable parameters, #missivity and absorption coefficient vatueere
grouped(assigned identical values). Thysouping process vgasimilar to that used in the
heat capacity characterizationpvirever, the specific details will be described for each
material in later sections of this chapter. The initial emissivity of all matenale

obtained from literaturfl10], as presented in Tabiel.

The emissivity of the final residual condengdthse char was estimated from
independent experiments described in Section 2.3.2bdttem surface temperature of
these experiments were analyzed on both the painted and unpainted halves of the char
sample. It was found that the temperature profiles were nearly indistinguishable; therefore,
it was assumed that the char emissivity wastidal to that of the high emissivity paint
(0.94) In general, theraissivity of all intermediate species were assigned in relation to
either the virgin material or the final char componemtdetailed description of the
intermediate emissivity values Wie discussed for each material in the following sections

of this chapter
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The indepth absorption coefficients) was estimated based on the approach
discussed in section 2.3using Equation 2..:and Equation 2.2Two samples of each
material were careafly machined to a uniform thicknesg) of approximately 1.0x1®m,
as showrin Table 5.1. The respective fraction of radiation absorbed by the satdpies,
also presented based on Equation .i8.important to note that all absorption coefficient
values are normalized by the density of the undecomposed sample at ambient temperature
The upper char layer was observed to appear very optically dark and graphitic in nature.
Therefore, the absorption coefficient of charall materialsvas defined dtficiently high
(100 nt kg!) such that all the radiation was absorbed at the top surface. Tlegptim
radiation absorption coefficients fohe undecomposed component of all matesia
definedin Table5.1. The uncertainties in thabsorption coefficiet measurementaere
assigned a value of approximately 20% based on the scatter of the experimental data

collected in a previous stud§5].

Table5.1: Emissivity, density, and tdepth radiation absorption coefficients for all
studied polymers at ambient conditiofisrepresents the thickness of the sample utilized

for the absorption coefficient measurements.

Material U(-) Us (M) G () } (kgm3) o (m?kg?)
PVC 0.90[110]  8.76x10* 96.5 1409 2.6+ 0.5
FPVC 0.90[110]  1.23x10° 83.4 1226 1.1+ 0.2

PC 0.89[110]  1.02x10° 83.3 1187 1.3+0.3
PEEK 0.90[110]  1.02x10? 90.8 1297 1.6+ 0.3
PVDF 0.94[110]  1.07x10®? 83.7 1791 0.9+0.2
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5.2: Inverse Analysisof Rigid Poly(vinyl chloride) Gasification Experiments

This sectiordetaik the development of the PVC pyrolysis mal€luplicate CAPA
Il gasification experiments were conducted on PVC samples at a set point heat flux of 40,
60, and 80 kW m. The model constiction involved analyzing the experimental data with
both alD pyrolysis model representing tepatiallyaveragd decomposition behavior and
a 2D axisymmetric model capable of emulating the observed +wredimensional
experimental conditiongn both ingances, the milligna-scale model for the kinetics and
thermodynamics ofthermal deconposition remaied identical and served as the
foundational frameworkThe prescribed component emissivity aned@pth raliation

absorption coefficientalueswere unchaged between th&D and 2Dmodels.

Theemissivity ofthe virginPVC was obtained from literatufg10] and found to be
0.90.PVC_GTandPVC_RESilwere assumed to have the same emissivity as $tv@
little decomposition had taken pladss discussed earlier, the emissivity value forfthig
developedchar component(PVC_CHAR) was etmated to be 0.94PVC_RES4was
prescribed the same emissivity value as PVC_CHARe remaining intermediate
components, PVC_RES#d PVC_RES3were prescribed as thererageemissivity of
PVC and PVC_CHAR. The emissivity of &8V C condensegbhase compants are shown

in Tableb5.2.

The indepth radiation absorption coefficients for PVC and PVC_CHAR
discussed previouslgreprovided in Tablé.2. PVC_GTandPVC_RESIwereassumed
equal and identicab the absorption coefficient of the undecompoB&C component

The absorption coefficient f{&#VC_RES2andPVC_RES3wvas assigned to be the average
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value of PVC and PVC_CHAR. The idepth radiation absorption coefficients for all

condensegbhase components are defined able5.2.

Table5.2: Emissivityandabsorption coefficientsf all condensed phase components of

PVC pyrolysis.
Component U a (m?kg?)
PVC 0.90 2.6
PVC_GT 0.90 2.6
PVC_Resl 0.90 2.6
PVC_Res2 0.92 51.3
PVC_Res3 0.92 51.3
PVC _Res4 0.94 100
PVC_CHAR 0.94 100

The experimental CAPA 1l data for PVC pyrolysis at a nominal heat flux of 60 kW
m are shown inFigures 5.1and5.2. Figure 5.1provides representativeampleshape
profiles as a function of time. The bottom surface tempergfwegm histories of the
center and edge of the sample are presented as symbaisiie5.2(a). The temperatuse
at additional radial positionsexefound to be similar to the center and edfthe sample
therefore, intermediate radial temperature dagaramt shown to make the figure more
readable The mean experiment®lLR data,normalized by the initial top surface area of
the sampleareshown inFigure5.2(b). The 1D and 2D modeling results shown on these

figuresare discussed in Sectid.1 andb.2.2, respectively
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Figure5.2: Experimental and simulated (a) bottom surface temperatud (b) MLRdata
from rigid PVC (6.15x10° m thick) gasificationexperiments conductext 60 kW n.

Figure 5.1 showsthadté¢sanp | ed6s s wel | i mgimyhtaneoasénsresasei n c | u
in thickness and reduction inaheter. The diameter reduction wabte and becae
apparent only in late stages of pyrolysis. At 60 kW, ithe increase in thicknessas
essentially monotonic, excefarr a small recession in thickness at late stagg@ymaiysis
The vertical distance axfer the shape profilesy) begns at the initial position of the top
sample surface. The dashed curves represent results of individual experiments. The shaded
area between the curves i s an bottagniswface or of
temperaturén Figure 5.2(apppeas to be spatially uniform in the early stages of pyrolysis.

In later stages opyrolysis, the temperature be&ca nonuniform with the edge of the
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surface being systematically cooler than the center. The MLR idakgure 5.2(b)
exhibited a subtle sharp & at the beginning of the experimefdllowed by a slow

linearly increasing profile prior to thental decay when all mass loss fwturred.

5.2.1:Parameterization of a 1D Average Model of PVC Pyrolysis

The 1D model was parameterized using the parameteved&mom milligramscale
experiments and optical properties (discussed in earlier sections) as the foundational
framework. The condensgzhase component densities and thermal conductivities were
categorized in several groupings and subsequently presaldm@ctal values to minimize
the number of independently adjustable parameters. Therefore, this fully parameterized
model was constructed with the fewest independently adjusted parameters while also

capturing the essential features of the experimental dat

The sample shape profiles, as showhigure 5.1 provided a snapshot of the critical
changes in the sample shape as a function of time. The intumescent (swelling) behavior of
the PVCpyrolysiswas captured numerically in ThermaKin2Ds by prescribirgethesing
component densities. In tHd model, the thickness of the sample expanded uniformly
across the entire radius. Therefore, the average sample thickness was employed as a target
value for the density paranegization The densities were initially pscribed to maintain
a constant volume throughout the decomposition process. Subsequently, the densities, in
their respectivgroups wereadjustedhrough a manubl iterative procedure such that the
predicted sample thickness (sddidaightline) captued the critical average shape changes

in Figure 5.1 Theresultingdensities are provided in Tal8e3.
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Table5.3: Densities and thermal conductivities of condersegise components for the

1D model of rigidPVC pyrolysis

Component ] (kg m?) K (WmtKY)
PVC 1409 0.13+ (0.8104 T
PVC_GT 876 0.13+(1.810% T
PVC_Resl 841 0.13+(1.810% T
PVC_Res2 564 0.13 +(2.410%T
PVC_Res3 321 0.13 +(2.410%T
PVC_Res4 149 0.13+(3.2109 T+ (1.310°%) T3
PVC_CHAR 81 0.13+(3.2109) T+ (1.310°% T3

The average bottoexperimentatemperaturewere employed as target data for the
inverse analysis. The thermal conductivity of each component was first defined as a
constant value, to maintaihd simplest model possible. However, it was identified that a
constant thermal conductivity was unable to capture the temperature history of the sample.
Thereforefurthercomplexity was added through the introductionrogdditionakconstant
term multipled by the third power of temperatuiehe third power of temperature is an
approximation that captured the thermal transport within porous media through radiation
diffusion [70]; therefore, this term was only introduced to PVC_Res4 and PVC_CHAR
becauset was only physically meaningful to apply to components that experience a high
temperature and porous structure. Even withitlieduction of this additional term,
unsatisfactory restd were obtainedlherefore, a linear temperature dependent term was
addedto the thermal conductivity value§he resulting bottom surface temperature
predictions are shown #ése dottedline in Figure5.2(a). The final thermal conductivities

are providedn Table5.3. The average error between gpatially averagedxperimental
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and simulated bottom surface temperatures was found to be ILig%mportant to note
that thedensity parameterization was dependent upon the thermal transport parameters;
therefore, the density and thermal conductivity parameters were iteratively adjusted

simultaneously until satisfactory results were obtained

The MLR data at 60 kW rf) shown in Figre5.2(b), werenot utilized in the inverse
analysis model calibrationherebre, this dataset servad a model validatiormhemodel
capturedheoverall magnitude of th®ILR datg however, there were some discrepancies.
The most notable discrepancy occurred between 300 and #0@e the model didot
capture the linearly ineasing MLR profile However, the overall error between the
experimental and modeled MLR was found to bel%®h.which providedvalidation that
the1D model was capable of capturing the physicsgil PVC pyrolysiswith reasonable

accuracy.

5.2.2:Parameterizatio of a 2D Axisymmetric Model of PVC Pyrolysis

To investigate the importance of theperimentallyobserved nomniformity of the
sample shape, 2D modeling was carried Sumilar to thelD model described above, the
60 kW m? experiments were employed #% target data because these experiments
produced fully decomposed char samples when the test was termirfae&aD model was
built upon the same foundation of the milligracalederived parameters and optical
properties.The thermal transport parametevere groupedidentically to thelD model

describedn the previous section
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In the2D model, the radial dependence of the intumescent (swelling) behavior of the
PVC pyrolysiswas captured moraccurately To capture the radial trends in the sample
shapeprofiles, the densities weedfectivelyprescribeds a function of radiug o simplify
the parametization, the radial dependence was prescribed as a combination of the center
and edge densitiedndependent knowledge of the center and edge char empans
dynamics enabled individual parameterization of the respective densities. Two separate
initial PVC components, PV(center) and PVE(edge), were created with identical
properties. The parameters of the resulting decomposition products were algmalident
between the center and edgemponentswith the exception of the densities and thermal
conductivities. Prescribing different densities and thermal conductivities of the center and
edge decomposition products enabled parameterization of the radipbndent sample

shape profiles.

To capture the intumescence at the center axis, the densities were prescribed
following an identical process to ti® modelcharacterizationhowever, the center char
thicknesses were employedthg fitting targes insteadof the averagewhile fitting the
center densities, the sampiadiusin the model was reduced from 0.035 to 0.02.
Reducing the radius ensured that the heat flux to the sample was most representative of the
heat flux incident to the center portion betsample onlyThe densities were manually
adjusted until the center experimental thicknesses, showrigmre 5.1 were well
represented. The densities for the edge components were defined such that the thickness of
the sample remained constant to enaulaggligible swelling, as experimentally observed

in Figure 5.1 which was achieved by multiplying the density of the initial component by
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the corresponding stoichiometric mass coefficient of each reatti@resulting densities
of all condensegbhase cmponents for the 2bnodel of PVC pyrolysisare provided in

Table5.4denoted by the respective subscript.

Table5.4: Densitiesand thermal conductivities of the center (denoted by subscript ¢) and
edge (denotkby subscript €) componerits the 2D rigidPVC pyrolysis model.

Component  } (kg m?) k(Wm?lK1
PVC. 1409 0.13+(0.910% T
PVC._GT 746 0.13+(1.810% T
PVC. Resl 716 0.13+(1.810% T
PVC. Res2 580 0.13+ (2.710%9 T
PVC. Res3 331 0.13+ (2.B10% T
PVC. Res4 116 0.13 + (3.8610%) T+ (3.2109 T3
PVC. CHAR 57 0.13+(3.610%) T+ (3.2109 T3
PVCe 1409 0.13+ (0.93104 T
PVC. GT 1409 0.0+ (0.9510% T
PVCe Resl 1353 0.080 + (0.9510% T
PVCe Res2 1055 0.02+ (152104 T
PVCe Res3 602 0.02+ (152104 T
PVCe Res4 541 0.028 + (0.7710%) T + (0.6% 109 T2
PVCe CHAR 265 0.028 + (0.7710%) T + (0.6% 10°) T2

To couple the densities between the center and the edge components, a profile
describing the mass fragh (mf) of component PVEwas computedas shown in Figure
5.3(rz used in tle mfvc cequation is in m)The summation of the PM@nd PVGmass
fractions must equal unity. The radially dependent mass fraction of the center components

was computed to enate the PVC sample shape profile at 375 sFigure 5.1 a
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representative profile during the entire duration of the experiments. It&fseed such

that the center dhe sample was comprised entyref the center component. As the radius
increased, theenter mass fraction decreased, which, in turn, resulted in the edge mass
fraction increasing. The resulting sample shape prof@emputed withthe 2D
axisymmetric model are shown kigure 5.1as the soliccurvedlines. With the exception

of slightly ower-estimating the sample thickness at 500 s, it was observed that the model

captured the overall dynamics of swelling with excellent accuracy.

"?f;PVC.C = —(4.50x10%) r__4

~(1.14x10%) 7 + 1

0.00 0.01 0.02 0.03 0.04
r, (m)

Figure5.3: Radial mass fraction profile for the PYémponentsed to capture nen

uniform swelling of the pyrolyzing sample.
The thermal conductivities of the center components were padaétfollowing
the same methodology discussed foriBemodel. Thegroupingof the components eve
identical; however, thevaues were modified to capture the center experimental
temperature profile, shown aguaresymbols inFigure 5.2a). The thermal conductivities
of the edge components were scaled based on the density ratio between the cepter (PVC

and edge (PVE componets. The thermal conductivity was assumed inversely
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proportional to the density; therefore, the solid that expanded more upon decomposition
was assumed to have proportionally larger thermal conductivity. This scaling was based
on a physical argument proviien an earlier publicatiof22]. Consequentlythe edge
thermal conductivities were not fitting parameters; instead, they were directly coupled to
the center parameterBhe resulting temperature predictst thecenter andedge of the
sampleareshown as theolid anddashed ling, respectivelyin Figure 5.2(a)An average

error between the experimental and simuldtetiom surface temperature data was found

to be2.5%. The thermal conductivities of all center and edge componengsasidedin

Table5.4.

The overall magnitude of the MLR was captured wsihg the 2D model, shown as
thesolid line in Figure 5.2(h)however, there were some discrepancies. The maableot
discrepancy occurred between 300 and 400 s, where the modelpuedieed the
experimental data. However, the overall agreement between the experimental and modeled
MLR was found to be within 12.6%, whigrovided validation that th&D axisymmetric

model was capable of capturing the physics of RY@lysiswith reasonable accuracy.

Additionally, Figure 5.2provides a comparison between th® and 2D model
predictions. The dotted line represents fli2 model and thesolid and dashedines
representhe 2D axisymmetric model. The bottom surface temperature, showigure
5.2a), demonstrates little differences between the two models. The MLR, on the other
hand, reveals differences that are more noticeable1Dheverage model overediced
the ex@rimental data at approximately 75 s, where2Bemodel agreé well. At later

stages opyrolysis both models undegstimate the experimental data, although 2@
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model providedslightly better resultsOverall,the MLR validation demonstrated the 2D

model yieldeda small improvement over the 1D model

5.2.3:Extrapolation toAdditionalHeatingConditions

To provide additional validationfahe developd rigid PVC pyrolysis modes,
duplicate CAPA Il experiments were conducted at both 80 and 40 K Timese
experiments wergerformedidenticaly to the calibration experiments conducted at a
nominal heat flux of 60 kW rh The PVCpyrolysismodekwereemployed to extrapolate
and predict results outside the calibration conditidgnsomparison of the experimeita
and modeled shape profildmttom surfacéemperaturesand MLR profiles are shown in

Figure 5.4 and Figure 5.5.

Figure 5.4portrays the nomonotonic sample shape profiles of PVC pyrolysis at 80
kW m2. The sample thickness increased for the first380d then subsequently decrehse
in thickness until 400 s. These changes in thickness olererved to be reproducible for
the early stages and became less reproducible in later staggsobyfsis The model
slightly overestimated the char thickness fibre first 240 s and theslightly under
predicted theswelling at later stages prolysis This undefprediction was true for both
the 1D and 2D models, although the 2D model was able to captusarth@eshape

profiles much more accurately.

The expernental bottom surface temperature and MLR histories at an incident heat
flux of 80 kW mi? are displayed as symbolskigure 5.5(a)(h)The modeled temperatsre

agreed well with the experimental data for the early stagpgrofysis for both models
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After 200 s, the model predicted temperasusegan to oveestimate the experimental

temperaturg this was true for both thED and 2Dversion of thenodels. It was found that

the average errebetween the experimental and modeled bottom temperature Hdtorie

the 1D and 2D models werel0.1% and10.5%, respectivelyThe predicted MLR curves

from both models captured the overall magnitude of the experimental data very well at 80

kW m2. However, after 250 dothmodels slightly undeestimated the experime&l MLR

data In the earlier stages qgiyrolysis the 2D model more closely representéie

experimental MLR data. It was found that the averagesgiween the experimental and

modeled MLR histories for theD and 2Dmodels weré.8% and 7.3%, respacely.
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Figure5.4: Experimental (dashed lines) and modeled (solid lisas)ple shapprofiles

extending above the initial sample top surface for P&C5x10° m thick) gasification
tests conductedt 80kW m (top row) and 40 kW m (bottom row)
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Figure5.5: Averaged experimental and modeled bottom surface temperatures and MLR
data obtained gg)(b) 80 kW n? and (c)(d) 40 kW m for rigid PVC (6.15x10% m thick)

gasificationexperiments

Figure 5.4 also portrayed the nomamonotonic sample shape profiles for PVC

pyrolysis at 40 kW m. The sample thickness quickly increased for the first 32 s and

subsequently decreased in thickness until 200 s,walfieh the sample continued to swell

for the remainder of the experiments. Thawelling behavior was observed to be

reproducible from duplicate experiments. The PVC pyrolysis nsddél and 2D)were

unable to capture the bubble formation that occurre82as, however, captured the

swelling of the char layer at 200 s. After 20®sth modek consistently undepredicted

the char layer thickness.

135



The experimental bottom surface temperatures and KOLRVC pyrolysis at 40
kW m2 are displayed as symbolsFigure 5.5(c)(d) The modeled temperatyfeom both
the 1D and 2D simulationagreedwvell with the experimental data for the early stages of
pyrolysis After 400 s, thesimulatedtemperature begeato overestimate the experimental
temperaturgthis was true for both thelD and2D models. It was found that the average
erroisbetween the experimental asichulatedbottom surface temperatunestories for the
first 400 s of thelD and 2Dmodels werdooth within 2.1% The errowas only compuie
for the fird 400 s, althougliit is expected to bsignificantly greateduring later stages of
pyrolysis The predicted MLR curvesf both models at 40 kW Hcaptured the overall
magnitude of the experimental data very well. However, after 4@®esmodels were
unable to capture the second peak in the experimental MLR Wates found that the
average errarbetween the experimental abh® and 2D simulateMLR histories for the

first 400 s vere27.0% and 14.7%, respectively.

In the earlier stages gfyrolysis the 2D model more closely representéie
experimentabatasethowever,both numerical model struggled to capture the dynamics
of the later stages afyrolysisin the 40 kW ¥ experiments. Tése discrepancies are
believed to be associated with the PVC phamexperiencing complicated physical
movement duringyrolysis It was observed that the base of the sample moved toward the
center causing the sample to shrink significantly in the radial direction, although it was not
readily apparent from the profiles Figure 5.4 The PVC subsequently decoupleom
the copper foilwhich promoedsignificant physical changegglected by the models. This

decoupling ultimately resulted in unreliable temperature and MLR data after 400 s.

136



However, both models demonswateasonable accuracy during the early stages of

pyrolysis.

5.2.4:Extrapolation to Larger Sample Sizes

It is important to note that different densities and thermal conductivities were
required for theLlD and2D models to capture the experimental data at all theets. In
the 1D model, the densities and thermal conductivities corresponded to aveedges,
therefore incorporating edge effects of the small experimental sample siz@® uelel
attempted to decouple the center and edge physics. Therefereelieved that the center
component parameters from tt& model provide the most physically meaningful
parameters for extrafating to larger sample sizes. As the sample size ingehse
believed that the majority of the sample will be similar iltkhess to the center of the

smallscale sample; therefore, the edge effects will be negligible.

A 1D simulation was conducted to understand the magnitude of the differences
between the predicteateanormalized largescale heat release ratéRR,s) utilizing the
1D model parameters and those corresponding to the center components of the 2D model.
This simple simulation subjected a 153 m thick rigid PVC sample(comparable
thicknesso many decorative and structural building matenaégle from polymejsto a
range (50, 75, and 100 kW nof radiant heat flugsincident tothe top sample surface.
This range of heat flux values weepresentative of lower heat fluxes corresponding to
surface heating from small laminar flanj@&41] up to fully involved room fire$27]. The
incident heat flux was constant throughout the entire simulafiba.convective losses

from the top sample surface were neglected and the bottom sample sualacet as
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adiabaticand impenetrable to gas flowhe simulated HRR was constructed as tlsem
of the producs of the resulting simulated MLR of individual gaseous decomposition
productgsee Tabl&.1) and the corresponding heatompletecombustion derived from

theMCC measurements (see Tabld).

Figure 5.6portrays the simulated HRRusingthe 1D model parameters (labeled as
average) and the center component 2Ddel parameterglabeled as center) for all
simulated heat fluxedt is shown that during early stageshafrning thereare minimal
differences between thee parameter sets. Howevett, later stages of burnintheHRRLs
produced by these two models differ substantiallye peak HRRs remainednearly
constant in magnitude for the center parameter set, while the peaks HREhown to
increase in magnitude with increasing heat flux for the average parameter set. In both
datasets, the time to peak HREs shown to decreaswith increasing heat flux. It is also
shown that the HRR associated with theentemparameters experiencaanaximum peak
approximately 12 to 27% smaller in magnitude &ddto 40 searlierin time than the
HRR.s associatedvith the average parameteatsTherefore, it is shown that there are in
fact noticeable differences between the two mqdglscificallyat later stages dfurning
These simulated differencasstified the necessity of thadditional complexity of the 2D
axisymmetric model, whichaountedor the edge effects during the paraenieation of
the comprehensive pyrolysis modéb capture an accurate representation of the heat

released during a fire event
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Figure5.6: Simulatedareanomalizedheat release rate of largeale PVQ6.15x10° m
thick) burning,comparing average and center paransdtera range of heat fluxe¥he

averageand centeparameters are associated with 1beand 2Dmode| respectively.

5.3: Inverse Analysisof Pladicized Poly(vinyl chloride) Gasification Experiments

This section details the development of thedel of FPVC pyrolysis. Duplicate
CAPA 1l gasification experiments were conducted on FPVC samples at a set point heat
flux of 30 and 60 kW m. The sample sipe profiles and bottom surface temperatures from
CAPA Il experiments at 30 kW ¥were employed for the model development. The sample
shape profiles and bottom surface temperatures from CAPA 1l experiments at 6FkW m
as well as the MLR from both fluxeaere utilized for model validatigourposesSimilar
to rigid PVC,the model construction involved analyzing the experimental data with both
a 1D pyrolysis model representing the spatially averaged decompositiondvetmava 2D
axisymmetric modeatapalte of emulating the observed nronedimensional experimental

conditions In both the 1D and 2D model development scenartbe milligramscale
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model for the kinetics and thermodynamics of thermal decomposition remained identical

and served as the foundatal framework.

Analysis of the granscale tests requidknowledge of the emissivity and absorption
coefficiens a priori. The initial emissivity of FPVC (0.90) was assumed to be equal to
rigid PVC, which in turn was obtained from literatur¢l10]. The emissivity of
FPVC_CHAR(0.94), and thus FPVC_Res3, was estimated based on nuieyetests
describedn section 2.3.2.4The remaining reactants, FPVC_Resl and FPVC_Res2, were
prescribed to have the average emissivity of FPVC EIPMC_CHAR The absorption
coefficient ofthe undecomposdePVC, normalized by its density at ambient tengpure,
was estimatedo be 1.1 + 0.2n? kg?, based on measurements performed in the current
study. The upper char layer was observed to appear very optically dark and graphitic in
nature. Therefore, the absorption coefficienEBVC_CHAR and thus FPVCRes3was
defined sufficiently high (100 frkg?) such that all the radiation was absorbed at the top
surface. The absorption coefficient of FPVC_Resl and FPVC_Res2 were defined to be the
average of FPVC anBPVC_CHAR The emissivity and absorption coefénts of all

FPVC condenskphase components are shown in Table 5.5.
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Table5.5: Emissivityandabsorption coefficientsf all condensed phase components of
FPVC pyrolysis.

Component U a (m?kg?)
FPVC 0.90 1.1
FPVC_Resl 0.92 50.6
FPVC_Res2 0.92 50.6
FPVC_Res3 0.94 100
FPVC_ CHAR 0.94 100

The experimental CAPA Il dagatfor FPVC pyrolysisat a nominal heat flux of 30
kW m2, are shown irFigure5.7 and Figire5.8. Representative shape profilas povided
in Figure5.7 as a function of timeThe bottom surface temperature histories of the center
and edge of the sample are presented as symbBigure5.8(@). The mean experimental
MLR is shown inFigure5.8(b). The 1D and 2Dmodeling results, presesd inFigure5.7

and Figureb.8, are discussed isections 5.3.1 and 5.3.2, respectively

The sampl ebds s wed simubageoup maease snsthickness bnd d e
reduction in diameter at later stageggfolysis The increase in thickness was olbeer
to bemonotonicin nature The bottom surface temperaturesaspatially uniform in the
early stages of pyrolysis. In later stages, the temperature becomasiftom with the
edge of the surface being systematically cooler than the center. The VARt &t kW

m exhibit a single prominent peakuring pyrolysis.
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Figure5.7: The black dashed lines are experimentahple shape profiles extending
above the initial sample top surfatem duplicate FPVE5.45x10° m thick) pyrolysis
testsconductedat 30 kW . The shaded area indicates the profiles uncertainty. The

straightandcurvedsolid lines represeithe 1D and 2D model results, respectively.
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Figure5.8: Averaged experimental and mode(@jlbottom surface temperatures dhil
MLR data obtainedrom FPVC (5.45x10° m thick) pyrolysistests conductedt 30 kW

m2 irradiation

5.3.1:Parameterization of a 1D Average Model of FPVC Pyrolysis

In the following gramscale model characterization, the 30 kW shape pofile and
temperature dataset wamployed as fitting targets; therefore, the 60 kWY dataset is
strictly used as validation for the resulting model. The intumescent behavior of the FPVC
pyrolysis was captured numerically in ThermaKin2@sng an identical approach to that
described for rigid PVCThe densities were decreased through a manually iterative
procedure such that the fitted sample thickness (stiaghtline) captured the critical
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shape changes in the 30 kW?2uataset, shown iRigure5.7. The densities also factored

in reductions in mass associated with the individual reaction steps (listed imTiablkhe
densities of eacbomponentf 1D FPVC pyrolysisre provided iMTable 5.6 The density
parameterization was dependent upon the thermal transport parameters; therefore, the
density and thermal conductivity parameters were iteratively adjusted simultaneously until

satisfactory results were obtained

Table5.6: Densities and thermal conductivities of condersiegise components for the
1D model of FPVC pyrolysis.

Component  § (kg m?3) kK (W m?1K)
FPVC 1226 0.12

FPVC Resl 391 0.41

FPVC_Res2 98 0.41

FPVC_Res3 62 0.70+ (5.8 100 T3

PVC_CHAR 22 0.70+ (5.B 100 T3

The average bottom surface temperatafethe 30 kW n? dataset were employed
as target data for thaverse analysis of the thermal transport parameterization of the 1D
model. The thermal conductivity of each component was first defined as a constant value,
to maintain the simplest model possible. However, it was identified that a constant thermal
condictivity was unable to capture the temperature history of the sample. Therefore, a
constant term multiplied by the third power of temperatas introduced based on the
radiation diffusion approximatiofy0]; this term was only introduced to FPVC_Res3 and
FPVC_CHAR The resulting fitted bottom surface temperature is shown as the dotted line

in Figure5.1(0a). The final thermal conductivities are provided'able 5.6 The average
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errorbetween the experimental and simulated bottom surface temperatures for 38 kw m
datasetvas found to be 0%9. It is important to note that thrdensity parameterization was
dependent upon the thermal transport parameters; therefore, the density and thermal
conductivity parameters were iteratively adjusted simultaneously until satisfactory results

were obtained

The 30 kW n?experimentaMLR data, shown irfFigure5.8(b), were not utilized in
the inverse analysis model calibration; therefomemparison beteenthis dataseand the
modelserval strictly as a model validatioaxercise The 1D model predicted the 30 kW
m2 experimentalMLR data with excellent agreement. The overall error between the
experimental anthodeled MLR was found to be 1061 Theefore,the1D modelof FPVC
pyrolysis was shown to have the capability gimulating the MLRwith reasonable

accuracy for data obtained at a set point het fluB0cKW n2.

5.3.2:Parameterization of a 2D Axisymmetric Model of FPVC Pyrolysis

2D modeling was subsegntly performed to account for variation in the heating

conditions along the sample radius and top surfaceundarmity (sed-igure5.7). Similar

to the 1D model parameterization, the 30 kW& emperiments were employed as the target
data because theseperiments produced the maximum reliable data with minimal radial
sample reductioduring pyrolysis.The radial dependence of the intumescent behavior of
FPVC pyrolysis was captured maaecuratelyby the 2D model employing an identical
approach to that di@ed for rigid PVC.Two separate initial FPVC components, FRVC
(center) and FPV&edge), were created with identical properties. FPAfd FPVGwere

defined to follow an identical decomposition reaction scheme; however, the densities and
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thermal condutvities of their products of decomposition were different. Distinguishing
between the center and edge enabled parameterization of the radially dependent sample

shape profiles.

To capture the intumescence at the center axis, the densities were manusigdad;
until the center experimental thicknesses, showfigare5.7, were well represented. The
densities for the edge components were defined such that the thickness of the sample
remained constant to emulate negligible swelling, as experimentally eHdsefhe
resulting densities of all reactants are provided able 5.7denoted by the respective

subscript.

Table5.7: Densitiesand thermal conductivities of the center (denoted by subscript c) and
edge (dentzd by subscript €) componefids the 2DFPVC pyrolysis model.

Component J (kg m?) k(WmtK%1
FPVC 1226 0.12
FPVC._Resl 219 0.62
FPVC._Res2 55 0.62
FPVC._Res3 35 1.1+ @109 T3
FPVC;,_CHAR 12 1.1+ @109 T3
FPVCe 1226 0.12
FPVCe_Red 1202 0.11
FPVCe_Res2 300 0.11
FPVCe_Res3 225 017+ (12310°) T3
FPVCs_CHAR 79 017+ (12210973

To couple the densities between the center and edge components, a profile describing
the mass fraction othe center componentn(frrvc,) was compted; details on this
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methodology can be found section 5.2.2The center component mass fraction is given
as a function of sample radjus(m), in Equation5.1. The radially dependent mass fraction

of the center components was computed to emulateRNE sample shape profile at 240

s of the30 kW mi? datasetIt was observed that the center of the sample was comprised
entirely of the center component. As the radius increased, the aeat fraction
decreased, whictesulted in the edge mass fractioareasing. The resulting sample shape
profiles computed with the 2D axisymmetric model are showkignre5.9 as the solid
curvedlines. With the exception of undestimating the initiatapid expansioin the 30

kW m dataset, it was observed thag ttinodel captured the overall dynamics of swelling

with excellent accuracy.

M. =1.24 3101 9.52 Hr? (5.1)

The thermal conductivities of the center composewntre parameterized following
the same methodology discussed for the 1D model; however, the values were modified to
capture the center experimental temperature profile instead of the average. The thermal
conductivities of the edge components were scadseédon the density ratio between the
center (FPVG) and edge (FPV& componentsthe scaling used for FPVC was identical
to the scaling utilized for rigid PV.CThe resulting temperature predictions at the center
and edge of the sample are shown as thé aotl dashed lines Figure5.8a). An average
error between the experimental and simulated results of the 30kWata was found to
be 0.7. The thermal conductivities of all center and edge componget®ted by their

respective subscriptare show in Table 5.7
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The MLR data, shown iRigure5.8(b), were not utilized in the model development.
Themean experimentdLR datafor the 30 kW nf data was under estimated during the
first 700 s and was subsequently over predicted during later stageslgsjsy The overall
agreement between the experimental and 2D modeled MLR for the 30 kWatasets
were found tdvave a mean error @0.0%. Therefore, it is demonstrated that the 2D model

provided a reasonable prediction of the experimental MLR profile

Additionally, Figure 5.8 provides a comparison between the 1D and 2D model
predictions. The dotted lines represent the 1D model and the solid and dashed lines
represent the 2D model. The bottom temperatures, showigume 5.8(a), demonstrate
minimal discrepancies between the two models. pieglictedMLR data (Figures.8(b))
however, reveals differences that are more noticeable. These differarecdikely
attributedtoth D model 6 s a b iradialty-gependenevolatipn aof theetopt h e
sampeé surface and its associated interactions with the radiation fleédd1D model
neglected the radial dependenthe 1D model, although capturing the experimental data
more accurately, systematically under predicted the evolution of the top sample.surface
As a result, the thermal transport parameters in the 1D model may have partially
compensated for the under predicted swelling behalia.2D modelon the other hand,
under predictd the MLR at 30 kW i during the initial stages of pyrolysiue to it
inability to capture the rapid sample swellidgthough unable to capture the initial rapid
sample swellingit is believed that the parameter set obtained for2tbemodel most

accurately represents the physics observed during the pyrolysis experiments
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5.3.3:Extrapolation to Additional Heating Conditions

The experimental CAPA 1l data for FPVC pyrolysasa nominal heat flux of 60 kW
m, are shown irFigure5.9 and Figures.1Q Representative shape profilage provided
in Figure5.9as a function of timeThe bottom surface temgaure histories of the center
andedgeof the sample are presented as symbdigare5.10(a). The mean experimental
MLR is shown inFigure5.10(b). The modeling results, also presentedrigure 59 and
Figure 5.10 are predidons from the modsldevelopedpreviouslyin section5.3.1 and

section5.3.2

The sampl eds s wedasimultgneops icreases is thickmesslandd e
reduction in diameter at later stage@wrfolysis similar to the shape profiles at 30 kWm
At all heat fluxes, the increase in thickness monotonicThe bottom surface temperature
profiles werespatially uniform in the early stages of pyrolysis. In later stagasgever,
the temperature becam@areliable due to decoupling of the sample fromabpper foil
resulting in poor thermal contadherefore, the temperature data were deemed unreliable
and were truncated on Figure 5.10(E)e 60 kW if MLR data exhibiéd multiple peaks

during pyrolysis as shown in Figure 5.{i8).
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Figure5.9: The black dashed lines are experimestahple shape profiletending
above the initial top sample surfatem duplicateFPVC (5.45x10° m thick) pyrolysis
tests conductedt 60 kW ni?. The shaded area indicatbe profiles uncertainty. The

straightandcurvedsolid lines represerthe 1D and 2D model results, respectively.
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Figure5.10: Averaged experimental and model@jlibottom surface temperatures gbjl
MLR data obtainetbr FPVC(5.45x10° m thick) pyrolysistests conductest 60 kW

m. The temperature dataenetruncatedduring later stages of pyrolysis due to the

sample decoupling from the copper foil, resulting in poor thermal ccamacttimately

unreliable data

In the previousgramscalelD model characterization, the 30 kW?mshape profile

and temperature datasess employed as fitting targets; therefore, the 60 kWWdataset

was strictly used as validation for the resulting mod@édure 5.9depicts the simulated

average char growth dynamics of FPVC pyrolysis with a set point heat flux of 60W m

The predicted bottom surface temperatuistoriesfor the 60 kW ¥ data areshown in

Figure D(a). The average error between the experimentdlsamulated bottom surface

temperatures fothe 60 kW m? datawas found to be 2.8%8he MLR prediction for the

higher flux shown in Figure 1®), notably underestimated the experimental MLR data.

The overall error between the experimental and modeled fdtBhe 60 kW it dataset

was found to b&3.®%.

The 2D model provide@ more accurate description of the boundargditions

which ultimately leado more accurate predictions of the 60 kW @APA Il experimental
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data. The 2D model predicted pyrolyzisgmple shappgrofiles are shown in Figure 528

the solid curved lineS heassociatedemperature predictions at the center and edge of the
sample are shown as the solid and dashed lines umeFif(a). An average error between
the experimental and sirtated2D results of the 60 kW mdata was found tbe 3.@%.

The simulated MLR for the 60 kW ftests was found to capture the datay well. The
overall agreement between the experimental and 2D modeled MLR for the 60%kW m

datasetvasfound tohave amean error ofL3.5%.

Additionally, Figure5.10 provides a comparison between the 1D and/2i3ion of
the pyrolysis modelsThe dotted lines represent the 1D model and the solid and dashed
lines represent the 2D model. The bottom temperatures, showngume5.10a),
demonstrateé minimal discrepancies between the two models. The MLR, however,
reveaeddifferences that are more noticeable. These differences are likely attributed to the
1 D mo thabilitp te capture theadial dependencef the top sam@ surface and its
associated interactions with the radiation field. The 2D model better cafitase surface
interactions resulting ifmprovedpredictionsof the 60 kW n? MLR during later stages
of pyrolysis, however, theverall quality of the predidons between the two models are

comparable

5.3.4:Comparison between Rigid and Plasticized L&Bgale Burning

A simulationof a large burning surface exposed to radiant heat flux, emulating a
largescale fire was conducted toomparethe FPVCand rigidPVC characterized in this
work. The simulation enabled a quantitative comparison between the predicted area

normalized largescale mass loss rate (ML$ and HRRs of FPVC and PVC exposed to
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identical conditions. A 6.85L.0° m thick sample was subjected to a stamt radiant heat

flux of 40 and 70 kW i to provide a direct comparisofihese simulations were setup
identically to that of the rigid PVC larggcale combustion in section 5.2The convective

losses from the top sample surface were neglected ahdttben sample surface employed
adiabatic boundary conditions. The simulations neglected the potential impact of sample
surface oxidation prior to ignition, because the condepbsade model was parameterized
based on anaerobic measurements. Moreoverdthganal heat flux provided by a flame

that forms on the sample surface upon ignition was also ignored in these simulations. The

calculations were terminated when no additional mass loss was observed.

The large surface burning model employed the thetraakport parameters of the
center components of the 2D model (Fable 5.7 to factor out the edge effects observed
in the CAPA llexperiment$88]. Thesimulated HRIRs was constructed as the product of
the simulated MLRs of individual gaseous decomposition products from the reaction
scheme (see Tabkel) and the corresponding heats of combustion of each independent
decomposition product derived from MG@easurements (see Tall8). It is especially
critical to characterize independent heats of combustion for the decomposition products of
materials like rigid PVC, where the heats of combustion of individual products differ

substantially.

A comparison bieveen the simulated MLR and subsequently computed HRRf
both FPVC andligid PVC largescale burning is portrayed in Fige5.11. It is shown that
there are negligible differences in the MisRrofiles between the two materials under both

40 and 70 kWm2. The HRRs, however, displays substantial differences between FPVC
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andrigid PVC at both incident heat fluxes. In the early stages of burning, the HtiRR
rigid PVC is lower than that of the FPVC by a factor of two. However, during the final
stages oburning, the HRI% estimated forigid PVC has a maximum peak that is a factor

of two greater in magnitude than FPVC.

Althoughrigid PVC produces greateHRR.s during the final stages of burning in
idealistic conditionsthis peak is unlikely to contyute significantly to fire growth because
it did not occur until very late stages of pyrolysis (requiring high heat flux exposure) and
the extensive deformation of the burning material is expected to mitigate its reaction to fire.
Therefore, the larger HRRof FPVC during the early stages of burning will likely result
in a greater flame spread rate during an actual fire event, consequently, making FPVC a
greater fire hazardJnlike rigid PVC which produced small HRR in the first step of
decompositior{see Figure 4.6), FPVC producea large amount of heédee Figurel.17)
which is believed to be originated from the organic plasticizers that are added to these

materials. As a result, it is imperative that these differencegebatFPVC andgid PVC

arencluded in alll modeling efforts to captul

152



I' T T T T T \1 T 3 T . T 2 T T T T
‘ ' Truncated = = PVC 40kWm~ = = PVC_40kWm" l\
! (0062 kg m” s") FPVC_70 kW m” ——FPVC_70 kW n}",‘l ,\‘
—_ \ i 2 o “ . 2
T 0.03F - = PVC 70 kW m {.~ PVC_70 kW m e | i
o W ‘= 600 ! 1 4
g I " \ 1
a0 ‘Il "\‘ ! " B I ) |
&~ 002+ ! \ a {2 |
~ I it Iy = [
“ I I ‘l" ()Y \ Qﬁ_ |
£~ A 2 g '\ 300 !
— Iy \! % i |
E 0.01 Iy \ \ 1= e v ' I, !
/ o W\ -
1 \ \ A \
! \ \ e \ \
0.00 1 1 1 1 ~ L 0 Il 1 1 RS -, TR h
0 100 200 300 400 500 600 0 100 200 300 400 500 600

1(s) 1(s)
Figure5.11: Simulated (a) MLRs and (b) HRRs of FPVC andigid PVC, employing

the center parameters from the 2D modehpeeterizationyunder a nominal heat flux of
40 and 70kW m2. The simulated initial sample thicknessweres.15x10° m.

5.4: Inverse Analysisof Bisphenol A Polycarbonate Gasification Experiments

This section details the development of the PC pyrolysis mDdelicate CAPA I
gasification experiments were conducted on PC samples@hmalheat flux of 50 and
75 kW m?. The model construction involved analyzing the experimental data with both a
1D pyrolysis model representing the spatially averaged decatiopdsehavor and a 2D
axisymmetric modeatapable of emulating the observed fmredimensional experimental
conditions In both instances, the milligrastale model for the Kkinetics and
thermodynamics of thermal decomposition remained identical and dseasethe
foundational framework. The prescribed component emissivity asttbpth radiation

absorption coefficient were also identical between the 1D angeBfions of thenodel.

The emissivity ofundecompose®C was obtained from literatuf@10] and was
found to be 0.89The emissivityof thefully developedchar componentrC_ CHAR) was
estimated to be 0.94ased on measurements described in se2t®2.4 The emissivity
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of PC_Resl was assumed to be identical to PC_CHAR $iatte condensegdhase
producs were formed in a similar temperature rangdhe emaining intermediate
compnent(PC_GT) wasprescribedo have an identica@missivityasPC. The indepth
radiation absorption coefficients of undecomposed, BEprovided in Table 3, was
measuredo be 1.3 + 0.3 Akg™. The absorption coefficient of the PC_CHAR component
andthus PC_Reslyas assigned very higi00 nf kg?) to ensure all the radiation was
absorbed at the top surface of the intumescent Tharabsorption coefficiemf PC_GT
was assigned to be the average valleC and PC_CHARwhichwas required to imprav
the quality of the subsequent model predictidiee emissivity and absorption coefficients

of all PC condensedhase components are showi able 5.8.

Table5.8: Emissivityandabsorption coefficientsf all condensed phase components of

PC pyrolysis.
Component U a (m?2kg?)
PC 0.89 1.3
PC_GT 0.89 50.7
PC _Resl 0.94 100
PC_CHAR 0.94 100

The experimental CAPA Il data for PC pyrolysis at a nominal heat flus0 ddW
m are shown irfFigures 5.2 and5.13 Figure 5.2 provides representative shape profiles
of the developing char layass a function of time. The bottom surface temperdsgon)
histories of the center and edge of the sample are presentparasymbols inFigure
5.13(a). The mean experiment®ILR is shown inFigure 513(b). The 1D and 2D maaling
results shown on these figures are discusssettion 54.1 andsection5.4.2, respectively.
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Figure5.12: The black dashed lines are experimesgahple shape profsextending
above the initial tp sample surfacigom duplicate PG5.50x10° m thick) gasification
testsconductecht 50 kW mi2. The shaded area indicates the profiles uncertainty. The

straightandcurvedsolid lines represeithe 1D and 2D model results, respectively.

Figure5.13: Averaged experimental and model@jlibottom surface temperatures gbjl

MLR data obtainedrom PC(5.50x10° m thick) pyrolysistegs conductedat 50 kW ni2.

5.4.1:Parameterization of a 1D Average Model of PC Rwgie

The 1D modebf PC pyrolysisvas parameterized using the parameters derived from
milligram-scale expements and optical propertieas the foundationahumerical
framework. The densities and thermal conductivitiethe condensed phase components
PC_Resl and PC_CHAReregrouped andissumed identicallhe PC_GTdensity and
thermal conductivitywere assigned identical to the undecompoB&ti component.

Therefore, this fully parameterizé®C pyrolysismodel was constructed with the fewest
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