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The development oéffective flame retardanpolymeric materials is of great
interest to the fire mtection community. To ehdeintelligent design of flame retardant
polymeric materials, it is important to understand the relation between the material
composition andhe chemical and physical properties that control the fire growth
processThis work details ayeneralizednethoalogy to characterize flame retardant
materials forthe development ofpyrolysis moded that relatethe fire behavior to

material composition.

The methodology employthermogravimetric analysis, diffargal scanning
calorimetry, andnicroscale combustionalorimetry,to measure the sample mass loss,
heatrequired to decompose the sampdmd the heat released from the complete

combustion of the gaseous products evolved duringstmaple decomposition,



respectively. Throughinverse analysis of themilligram-scale experimental
measurements using a numerical pyrislySramework, ThermaKin2Ds, the
decompositionkinetics and thermodynamicand heats of combustion glaseous
pyrolyzateare determined. The chemical interactions between the polymer matrix and
flame retadants are characterized Bgcondorder (twecomponent) reactiong he
resulting reaction model reproduces all aforementioned experiments with a high degree
of detail as a function of heating ratnd captures changes in tecomposition

behavior vith changesn the flame retardant contents.

The methodologyalso utilizes a new benchscale controlled atmosphere
gasificationapparatus to measumeass loss rattMLR), back surface temperature, and
sample shape profile evolution ctm-diameter diskshaped samples exposed to well
defined radiant heatingnverse analysisf the benchscalegasificationexperimental
measurements usindhermaKin2Ds andthe developed reaction model yields
properties that define heat and mass transport in the pyrosaimes This goproach
is demonstrated using twsets of materials glassfiber-reinforced polyamide66
blended with red phosphorad glasdiber-reinforced polybutylene terephthalate
blended with aluminum diethyl phosphinate and melamine polyphosphbée.
resulting pyrolysis modas capable of predictingILR data as a function of material
compositiorand external heating conditiddealized cone calorimetry simulations are
conducted to demonstrate that, when theplese combustion inhibition effect is
excluded, aluminum diethyl phosphinate haslativelyminor impact on heat release

rate, while the impasiof melamine polyphosphatad red phosphorwsesignificant.
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Nomencl atur e

Description

heat capacityJk gK™]

grid size

fitting parameters in Eq. (4.11)

heat evolved in reactiod k 'd] (E convective heat transfer dfieient
[Wm2K?],E heat of combustion

area averaged convective heat transfer coeffigdahin? K™]
thermal conductivity\V m1K™]

mass [kg](I is the initial sample mass)

arbitrary property (see Eq. (4.1))

heat flux due to radiation, thermal conduction or convectém?]
heat flux due to radiatio§ m?] (see Eq. (3.2))

heat flow rate to a sample material [W%g

reaction ratefg m3s?]

radial distance from the sle center [m]

time [s]

coefficient in transient heating rate expressigq. (4.7))

axial direction [m]

radial direction [m]

Arrhenius preexponential factor n® kg ™! s1] (reaction of order n)
gas concentration [kgyJ]

activation energyJm o]

distance from the sample surface to the bottom of the heater housing
radiant flux W m]

mass flux k gn?s?]

number of components

number of reactions

sample radius [m]

universl gas constantijm o'JIK'l]

temperature [K]

volume fraction

stoichiometric mass coefficient
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U mass concentratiok [gn ]

] mass transport coefficient fral]

{ absorption coefficieni E C

X emissivity

1 thermal diffusvity [m?2 s

| conversion

r reflection loss coefficient

1 thickness of sample [m]

} density k gn’d]

v StefanBoltzmann constanty m2K™]

Subscripts

AAAE backsurface

c convection

com combustion

con conversion

Ao radiationfrom external sources

c asC

E reactionk

in inlet

ET O intermediate component

E component

0 peak

PDAAE  maximum mass loss rate or temperature at which the maximum occt
00 re-radiation from sample material

s sample top surface

top the plate orthe top of the heater, see Figure 4.1
W radius of the cylinder used in the ThermaKin2Ds verification
z radial direction

Superscripts

0 net radiation

top top sample surfacsee Eq. (4.1)})
I exponent for last term in Eq. (4.1)

Acronyms

DEPAL Aluminum Diethyl Phosphinate
FAA US Federal Aviation Administration
FPA Fire Propagation Apparatus
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GF
HRR
MCC
MLR
MPP
NIST
PAGG
PBT
RP
SLPM
STA
TGA

Glass Fiber

Heat Release Rate

Microscale Combustion Calorimetry

Mass Loss Rate

Melamine Polyphosphate

US National Institute oStandards and Technology
Polyamide 66 or Nylon 66

Polybutylene Terephthalate

Red Phosphorus

Standard Liters per Minute (at 1 atm and 298 K)
Simultaneous Thermal Analysis
Thermogravimetric Analysis
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Chapterl.l nt roducti on

1.1Background

There has been a sharp increase in the use of synthetic polymeric maieingls
the past 60 year$olymers are widely used in both high technology and household
applications due to low weight, high tensile strength and low processingMumsit.
polymers contain a large fraction of carbon and hydrogen atoms, which makes their
composition similar to that of fossil fuels. Therefonee &ey disadvantage of polymers
is their inherent flammability. Most polymeontaining products mudatisfy fire
sdety standard$o assurgublic safety. As a recent exampke exterior aluminum
polyethylene cladding, which failed to meet the flammability requirements, contributed
to the destruote Grenfell Tower fire in Jun2017[1]. As this example demonstrates,

theflammability of polymeric materials is a serious concern

A traditional solution to the polymer flammability problem is tacorporag
flame retardantsinto the polymerto reduceits fire hazard. A flame retardant is a
chemical that, when added to a combustible material, slows flamedspfethe
resulting materiaby promoting the formation of a char layer on the surfacthef
material or by inhibiting the chemical reactions in the flarfid. Hame retardant
materials have contributed &significant reduction ithefrequency obccurrence and
the severity of fire events. For example, the number of television fires in Europe is
estimatedo beat least an order of magnitude higher than in the USA where the fire

safety classifications for television enclosure materials has beea siringent and



flameretardantmaterialshave beemnised3]. Thereforefo further reduce thigequency
of occurrence of fire eventd, is very important tadevelop new and more effective
flame retardant materials adésign a set of methods to evaluate the fire performance

of the developed aterials.

Several standard teshethods[4i 6] that mimic fire scenarios have been
developed and employeddos s ess t he mat Elowevar] each ofthese e beha
tests is configuration specifithere has been limited success in attstopgextrapolate
the generalized results different scenarios. Additionally, these standard test methods
offer limited quantitative insights into the fundamental chemical and physical processes

that occur during pyrolysis.

The limitations of the stamdd test methods have necessitated the rapid
development of computational fire models that are capable of predicting the fire
response of solid materiads’era wide range of scenarios. Such models can provide a
rapid and coseffective assessment of magdiflammability by reducing the number
of costly physical tests required to assess the flammability of a material. Fire models
are characterized by a complex coupling of -ghase and condenspliase
phenomenaMuch work has focused on understanding thgysics in gagphase
processes such as gasase combustion, turbulence, soot formatanmd oxidation.
However, the condensqgihase pyrolysis of burning materials have been less studied
and understood due to the complexity of the fundamental physical reardiacal
processef’]. The condensegdhase pyrolysis process is critical in the burning process

because it generates the volatiles required for combug@ibnTherefore, the



development of a comprehensive pyrolysis model plays a significant role in predicting

ignition and growth of fires.

In order to develop the pyrolysis model, a complete setatérial propertie as
model inputsare required. These parameters incluEomposition kinetic and
thermodynamic parameters as welltlasrmal transport propertieSome success has
been achieved ievaluating material properties addvelopingpyrolysis models for
nortcharring, charring, and composite materigs13]. As thedemand for effective
flame retardanadditives to engineered plastics incregddd, it is crucial to extend
the current methods to aid in developing @ysis models forpolymeric materials

blended with flame retardants.

1.2 Literature Review

1.2.1Review ofPyrolysis ModelindDevelopment

It is recognized that the condenggthse pyrolysis procesbat produces the
volatilesrequired for combustioplays anmportant role irthe ignition, flame spread,
and buning processluring the eayl stageof fire growth[7]. Significant efforts have
been made to develop mathaticalpyrolysismodelsto gain insight into the pyrolysis
process.Severalstudies[15i 17] provide useful summaries ofie modeling of the

complex chemical anphysical processes that ocauthepyrolysis of solid materials

Pyrolysis models may be classified into either simple thermal models or
comprehensive modelsased a the assumptions made to simplify the scenario. A
major distinctiorbetween these two types of modelshat thermal models rely on the

assumption of infiniteate reaction kinetice/hile comprehensive models account for
3



finite-rate reaction kinetics. Ithermal models, the thermal decomposition process
begins abruptly when the temperature reaches a critical vitheeapplication of the
critical decomposition temperatugeeatly reduces the model complexity to a single
energy balance equatiowhich effectively decouples the thermal degradatacess

from other physical processes.

The thermal modelsan be further categorized iniwo main groups ierms of
the solution approachksimple analyticaland integral modelgL6]. Analytical models
are closedorm solutions for the rate of pyrolyzate production using the critical
pyrolysis temperatureDespite the simplicity and convenience of analytical models,
they have very limited usability because of the low accuracy resulting from the

neglected physical and chemical processes.

Integral thermal models are less restrictive than analytical models as they account
for the physical phenomertige. transient heatonduction, charring process, and flame
heat transfer)gnored in simple modeldntegral models also have the advantage of
being computationally economical. An initiahmpletemperature distribution that
depends on the spatial variable is substitutedl ihé heat conduction equation and
integrated with respect to the spatial variable to obtain the heat balance integral.
Therefore, the original partial differential problem is simplified into an ordinary
differential equation with time as the independemtriable. A wide range of
temperature distribution profiles including polynomial and exponential temperatures
have been reportefd8]. Recent studies showed thategral modelswere able to
provide a reasonable accuracyéogineering purpos¢$9i 22]. This type é model is

also known as a Stefan problem.



Quintiere developed an integral model describe the burning rate of solid
materials[19]. This model includedhe charring process, vaporization, flame heat
transfer, and transient heat conduction effétigasassumedhat the fuel decompode
to char and volatiles in an infinitesinhakhin pyrolysis front at a fixed vaporization
temperatureThis model was applied to the gasification of a-obarring material by
Quintiere and IgbdR0]. Further examination of this model was conducted against the
experimentatata of seminfinite charring solid materialcollectedby Spearpoint and
Quintiere[21]. The mas loss and temperatures of four species of wood exposed to
incident heat fluxes of 285 kW ni? were measuredA secondorder polynomial
functionwasselected as the temperature distribugidor the virgin material All the
material properties wemssumd to beconstant during the experimeifihis modéwas
found to provide reasonable predicsoof the masdoss rate (MLR) and surface

temperatures

Anocther similar integral model for predictirtge burning ofnon-charring and
charring materialswas succssfully demonstrated by Moghtaderi et §2]. A
guadratic profile for the temperature distributieithin the materialvas assumedll
the thermal properties were considered constant (independent of temperature and
location). This mdel was validated againstirface temperatur®LR, andchardepth
of pyrolyzed material obtained fromnalytical and numerical solutions, as well as
experimental data’hough thentegral models address the shortcoming of cldeeti
solutions, like all ther thermal models, integral models employ the critical temperature

criterion and therefore neglect teffect of chemical kineticoon the overall thermal



decompositionprocess In addition, the simplifiecheatbalance equationwith the

selected tempenaite profilesare not as accurate as the origumakimplified equations.

Several comprehensive models have been developed to account for the finite
chemical reaction ratend sole the partiadifferential energy conservatioaquation
The Arrhenius equeon is often used to calculate the reaction rate as a function of
temperature.Comprehensive modelstilize a lumpedspeciesreaction scheme to
provide thermal degradation rates in the condepbede. Although several molecular
dynamics techniques, inding reactive empirical bordrder potential§23], ReaxFF
force field[24,25], and reactive molecular dynami@&i 29], have been developéal
provide detailed chemical aetion mechanisg) the simplelumpedspeciesreaction
scheme providesufficient mass loss infaration while greatly savingomputational

cost and effort§30].

There are three classetreaction schemes in the literatii®] including one
step global reaction scheme, estep multireaction scheme, and musiep semi
global reaction schem@nestep global redmn schemes employ a single reaction to
describe the total mass loss that occutthé@pyrolysis proces§l5]. Onestep, multi
reaction schemes use several parallel reactionsritiatie a single reaction step for
each virgin materigl1l5]. Multi-step semglobalreactionschemes represent the most
realistic reaction mechanisms and include primary reactisngal as secondary
reactions that represent further degradation of the intermediate congéesed

productg15].

Different levels of apmximatiors have beemade whemodelling he complex

physical processex pyrolysis In 1945,Bamford et al[31] adopted a simple approach
6



of a Fourier heat conduction equatianth a source ternrepresenting the heat
generated by chemical reactiorhermal decomposition was represented by aleing
first-order reaction. Reaction kinetics were approximated through measurements of the
rate of decomposition of wood at various temperatukegertical sheet of wood was
heated on eagtarallelface by a flamand the central temperatures of pyrolyavapd
were measured his model provided reasonable predictions of the experimesnaial
temperaturesTinney [32] developed a similar mathematical modeldescribe the
combustionbehaviorof smallwooden dowels heated externally.these two studies
by Bamford et al. and Tinnethe variation of thermal propertida temperature and
time andthe convective heat transfer of volatiles were neglected. In 1972, [R@hg
developedh morerealidic modelthatincluded variable thermphysical properties and
also accountedfor internal heat convectiordue to the transport of volatile$he
flowing gaseswvere assumetb bein thermal equilibrium with the condensptase

materials.

More recently, severagjeneralizedcomprehensivepyrolysis modelsthat can
simulate the gasifitdeon of a variety of solid materials halseen developed. The most
prominentare Gpyrd34], thesolid-phase model fdXational Insitute of Science and
Technology(NIST) Fire Dynamics Simulator (FDYB5], and ThermaKin36]. It
should be noted that t he tyeaepmsenismbotidteel 0 , wh €

modeling tools and specific sets of material properties.

Gpyro[34] is an opersource model that is capable of simulatingide range of
scenarios Temperature, species, and pressure distributions inbglesampleare

determined bysolving thecorrespondingonservation equations ftmoth gasphase
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and condenseghase Theenergyconservatiorequation takes into account conduction,

heats of raction, convection from the gghasecomponentso the condenseghase

components, and idepth absorption. Howevehd indepth emissions assumedo

be negligibleand neglected in the mod@&he heat transfer betweére gasphase and
condensegbhasecomponentsan be calculated using either thermal equilibrium or
two-temperature (noeequilibrium) formuldaions. The gasphase momentum is
represented using Darcyds | aw. The chemica
Arrhenius reaction parameters and both heterogeneous and homogeneous reactions can

becaptured

The FDS solicbhase modgB5] at NISThas the advantage of being coupled to
the FDS gaghase solver and can be applied in a wide range of fire scenknm®s.
conservation equations ofass.energy, and speaere included and solved to predict
the mass loss dat@ihe energyequation takes into accouthie conduction in the solid
phase, heats of reactiom-depth radiation absorption, and -hepth emission of
radiation. A i #f wa x 0 smemptbyed to accod for the radiation into and out of
the sampleThe model allows for multiple reactiors in parallel or in sequence with an
Arrhenius expression for thheaction rateOne limitation of FDS soligghase modek
that the gases generated in depth are asstonbd transported to the top surface
instantaneously. In addition, FDS septiase model cannot simulate tneactant
reactionsThe FDScondensegbhase model has been employed extensively in research

and modeling effortg37i 39].

ThermaKin was developed by Stoliarov and Ly86] at the Federal Aation

Administration (FAA) The majodifferencebetweenThermaKin andhe condensed
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phase model iRDSis the irdepth radiation absorption model. In ThermaKin, external
radiation is absorbed within a single element that is selected at each time step using a
random absorption algorithm. The Bdembert distribution of absorbed energy is
applied usinga probability densityfunction to guide this selection. Radiative heat
transfer inside the sample is considered by applying the radiation diffusion
approximation [40]. Both firstorder and seconarder (two solid components)
reactionscan be defined. This model has a flexibility to define most othiemo
physical parametersof a component asunctions of temperature usinguadatic

polynomial formulatios.

All of these generalizemhodels require a completet & materials properties as
model inpus in order to predict the rate of gasequgolyzate production during
pyrolysis of solid materialsThese parameters includieconposition kineticand
thermodynamic parameteasd thermal transport propertigs number oftechniques
have been developed to estimate the material propeétipsughlargescale methods
provide the closest representation to the real scenarios eemum the built
environmentthe mostcommonly used methods aeéher milligramscaale or bench
scale becaus¢he complexity and costs for fire tests increase significantly with

increasing scales.

Thermogravimetric Analysis (TGA) ia widely used milligrarsscale test that
can be used tdetermine the thermal degradation kinetics {gtponential factor,
activation energy, and stoichiometric coefficients of reactions). TGA [41], the
sample masgs measureds the environmental temperature follows a +spexrcified

temperature program in a welefined gasous amosphere.The temperature is

9



controlled by a furnace that is capableésothermal or dynamic heatingr(cooling) of

the sampleThesmall sample mag$ to10 mg) and low heating ratés0 to 30 K min

1y are employed to ensure thermally thin behaviar mgnificant temperature or
concentration gradients within the sample), effectively decoupling the chemical
reactions from heat and mass transfer procegdessample is contained in a ceramic
or platinum crucible The cruciblemay have a lid to improvéhe uniformity of the
temperature profile within the sample or may not have a lid to imghaiateraction
between thesample and the atmosphere. A wadifinedflowing atmosphere (often
nitrogen or air),with a flow rate on the order of 100 mL rifinhdps to reduce
condensation and depositiongdseous productfiush out the corrosive byproducts,

and reduce the possibility of secondary reactions.

The Arrhenius equatiorwas utilized to represent the soelthte chemical
reactions[42]. The application of the Arrhenius equetito solidstate kinetics was
justified by Galwey and Browf¥43]. The Arrhenus equation and its relatido the

sampleMLR areshown inEg. (1.1).

— 1AGB M (1.1)

1 S (1.2)

1 is the extent of conversion, defined in Eqg. (1!2)and%are the pre
exponential factor and activation energy, respecti&lyrepresents the universal gas
constant4 denotes the temperatufe. indicates the initialsamplemass] denotes
the final mass, anld represents the instantaneous nmatsme t A is the reaction

model. The firsorder reaction model, where the reaction rate is only dependent on one
10



reactant concentration, was widely atimpand found to be pjicable for mossolid
materials[8,17,40,4446]. A set of differentreaction models applied to describe

thermal decomposition in solids can be found in a study by Vyazovkin and /rght

Isothermal and noeisothermé& heating(usually constant heating rate) are two
commonly usednethodsto estimatethe reaction rat¢48]. The isothermal method
[49,50] yields time-evolved measurements at constant temperature. The main
advantage of this method is that changes inrdaetionmechanism areletectable
becausalecomposition rates are obtaihat a singldéemperature. In contrast to the
norrisothermal method, thatetic parameters are easilgtermined analytically. The
disadvantage dheisothermaimethodis that the sample experiences a-swthermal
heating period(transition from one single temperature to anotlaml undergoes
unknown transformations that &ky affect the calculations. The ndsothermal
technique mitigates this issue by heating the sample to a very high temperature at a
prescribed heating rate. However, the reaction parameters in this case do not have

analytical solutions and are more ditfitto determine

ModeHfitting [51] and modelfree (iso-conversional)52] methods have been
developed to determirtbe reaction paramets.One disadvantage with moelgking
method is thadifferent sets of Arrhenius parameters are able to predict the same
experimental results due to the kinetic compensation ¢ffé&3]. This uncertainty in
the kinetic triplet (reactiomodel, activation energy, and pegponential factorinay

result in unreliable pameterization of kinetic parameters.

Theiso-conversional method relies on multiple heating rates and is able to yield

the activation energy as a function of the extent of conver$ion (. It is called
11



Amodel freeo bec aanbeonbtanedtindepentdentminthe eeactiang y
model. Several isgonversional methods have been developed to determine the
reaction parameterfs2]. Friedman[54] proposed a differential isconversonal
method which requiredumerical differentiation of the experimental with respect

to 4. However, this method often resultéad noisy daa andthus, unstable%

Integral iseconversional methodfs2,55,56] were developed to avoid thissue
Integral iseconversional methods are computé&tier by approximation or numerical

integration since analytical solutiedid not exist.

Differential scanning calorimetryDSC) [57] is a metlod that measures the
difference between the heat flow rat® a milligramsized sample and a standard
reference. The system is subjected to a-aelined temperature program and a well
controlled gas environment. The sample and reference arehbtithin crucibles with
lids to improve the uniformity of the temperature profile within the sample and
referenceln this work, theTGA instrument operasein combination withDSC to
simultaneously reasure the mass loss and heat flow, which decreases the number of

tests required and uncertainty between mass loss and heat flow data.

There are two main types of D3&8] (heat fluxDSC and powecompensated
DSC)and the main differenceetween the two types of DSies in the conisuction
and principle of the measurement. In a heat flux DiB€re is a single furnace that
heats both the sample and reference. The primary measurement is the temperature
difference between the sample and the refereviuke the sample undergoes glass
transition, melting or chemical reactions. The temperature difference is related to the

heat flow to the sample through a calibration curve determined based on the heats of

12



melting of severasalts and metals that are wellaracterized in literaturén apower
compensated DSC, there are two independent furnaces. The temperatures of the sample
and reference are kept at the same value via independent heating. As the sample absorbs
energy due to sensible enthalpy chandgkse sample furnace increases the ihgat

power to maintain the temperature program. difierencein heating poweprovides

a direct measurement of the heat flow to the samplee analysis of DSC
measurements allows for the determination of thermodynamic parameters of thermal
decompositionln this work, simultaneous thermal analysis (STA) was employed to
simultaneously conduct both TGA and DSC testetluce the number of experiments

as well as accurately determidecompositiorkinetics and thermodynamics

In additionto definingdecompagition kinetics and thermodynamica pyrolysis
model requireghe quantification ofthermal transport parameters including optical
properties and thermal conductivityhe optical properties are the surface emissivity
surface absorptivitygnd absorptionoefficient.The optical properties have beennd

to have a significant effect on the time to ignit[68].

Most fire scenarios have temperatures around 1200 K or lower, which means that
most ofthe energyreleased by radiatn from the firesis in the infrared part of the
spectrum around 2i or higher[60]. Tsilingiris [60] conducted an analysis to
calculate the totahfraredtransmissiorof various polymer film materiafor a broad
range of radiant source temperatures fr@m3 to 873 K. Polyethyene and
polypropylenewere found to have aery high transmissionwhile materials like
fiberglass, kaptonand mylar had a low transmission.The effects of source

temperatures on the total transmissimre found tovary fromsample to sample

13



Forsth andRoos[61] conducted an extensive study to measure the absorptivity
of 62 produts in the wavelength region of 0i320{ 1 . An integrating sphere was
utilized to perform the reflectance and transmittance measuremeXits.of the
measurements were conducted at room temperdtueeffectiveabsorptivity of most
of the tested materiichangedess tharl0% when the temperatures of heat sources
varied from 674 K to 1300 Kl'he authors also found that tetectiveabsorptivityof

somematerialsexposed t@ cone heatetlecreased with increased exposure time.

Linteris et al.[62] measuredhe absorption coefficientandtotal reflectancef
11 commonly used thermoplastics. The absorption coefficients were calculated from
data collected with two different methods, anegrating sphere and a broadband
method.The first methodneasured the reflected or transmitted energy through the
sample, and a ratio to the reference beam through the empty reference port of the sphere
was computed. The second approach is similar todénaloped by Jiang et 463]
where theaborption coefficientsvere determinelly comparing the radiative heat flux
transmitted througkhe samplewith the heat flix incident to the samplé. was found
that bothmethod provided reasonablyooisistent resultaith each otherTheaverage
absorption coefficient weafound to behighly dependent on the sample thickness and

source temperature.

While optical properties can be measured directly, it is very difficult to measure
the thermal conduatity of samples that undergbermal degradationfhe existing
methods for the measurement of thermal conductivity can be classified as steady state
and dynamiltransient The steady statmethods for exampleguardeédhot-plate[64]

and heat flow meter apparat{&5], are governed by similar principle wherdeat
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fluxes throughthe materials are measuredhile the temperatures at both sides of
sample are maintained constant. However, these methods requiressatittpbarallel
sides and the dimensiotts remainunchangd during the measuremeniis.addition,

such methodeequirearelatively long timeo reach steady state.

Several transient methods have been developedasnadsed to measure the
thermal conductivity as a function of temperature. Most of theiegistudies only
focused onmeasurements up to a temperatihat was below the onset of
decomposition.Harada et al[66] used the flash methd@7] to measure the thermal
properties of wood from room temperature up48 K Zhang and Fuijii68] employed
the transientshorthotwire method[69] to measure theéhermal conductivityand
thermal diffusivityof nine polymersip to about 500 KThedesign of ashorthot-wire
(about 10 mm longallowed for the use ad small amouat of sample, which ensured
uniformity inside the sampl@his method was especially salile for measurements of
molten polymers. Assael et al[70] improved the transieftotwire technigque by
introducing a sofpase material to minimize the thermebntact resistance. The
thermal conductivity of pomethyl methacrylalgPMMA) was measured from room
temperature up to 350 K. Stoliarov el l] measured the thermal conductivity of
several polymers using a Thermoflixer apparatus that was based on the transient line
source method. The measurements of several polymers were performed in the
temperatur@ange between 315 K and the stability lipaint (50 K below the onset of

the decomposition).

Those transient methods require two or more measurement points-déefiredid

locations and a gabthermal contacto obtainaccurate measurements. However,
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samples may expand/shrink dadform porous structureguring the pyrolysis process.
Therefore, hese methods cannot mees thermal conductivity of #hintermediate

products or chaproduced during decompositipmocess

It is challenging taaccuratelymeasure all the material propertigfspyrolyzing
materials Any changesaindbr uncertainties of the properties will affect the prediction
of the burning rate and heat release 1@nprehensive sensitivity analydes/e been
conducted to identiffhe mos relevant parameterstoliarov et al.[71] employed
ThermaKin tcarmalyzethe effect oindependently varyingolymer properties (thermal,
optical, and chemical properties) on the rate of burdmgumber of literature soces
containing information on synthetic polymers wergedto determine the average
values and boundaries of these propertiegas found that the heats of decomposition,
char yield, preexponential factor, and activation energy are of key importasrciaé
prediction of the peak and average burning rates. Density, heat capacity, and thermal

conductivity are of little significance.

Linteris [72] performed a additionalsensitivity analysis tetudythe effects of
properties variation on the tirdependent MR (time to ignition and time to peak
MLR) in addition to theeffects onglobal parameterésuch as peak heat release and
average heat releaseported by Stoliarov et 4r1]. It wasfound that theneast of
readion and thermal conductivitilave the greatesind least effects ae prediction
of the polymer decompositiomespectively. The absorption coefficient influenced the
shape otthe MLR curve and ignition timeThe variation of material thickness also
showed significant effecten theshape of the MLR curve and time to peak MIRRese

sensitivity studies can be helpful in reducing the dimensionality and complexity of
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models for a given applicaticand guiding experimental design to focus on the most

critical properties.

In addition, he design of customized bersbak flammability apparatuses have
contributedto the developnm of pyrolysis modéng. The ©®ne calorimeter is one of
the most widely used bendtale methods to investigate the material burpiogess
andto estimate the material propertigg34,39,40,73,74]0One issue with the cone
calorimeter is thatthe tests are conducted in wedntilated, open air whereas
ventilation is ually limited during real fire scenario8dditionally, the effects of
oxidation and gagphase combstion on condensegbhase pyrolysis cannot be
eliminated in the poorly defined boundary conditions of cone calorimeter tests.
Therefore, specialized benshkale gasification techniques were required to provide
well-defined boundary conditions and to deceuphese additional effects from
condensegbhase pyrolysis. These instruments inclutdST gasification apparatus
[75], fire propagation apparatus (FP&P], mass loss calorimet§r7], and controlled
atmosphere pyrolysisapparatus (CAPA)[78]. These technigues enable the
simultaneous measurement of samplessn#éss and sample temperatune an
anaerobic environmen$everal methods have bgamoposedo determine a complete

set of material properties basea the databtained fronthese benciscale tests.

Lautenberger et a[79] proposed a methodology that employed an automated
optimization technique integrated wite NIST FDS pyrolysis model to estimate the
materials propertiesom experimental data collected frarone calorimeter test¥wo
charring materials (redwood and ed oak) and one therwplastic material

(polypropylene) were testednd surface temperatures aMdiR were recordedA
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genetic algorithm (GAjhat imitatesthe principles ohatural selection and mutation

was developedrhe initial set of property valueserandomly generated and the next
setarecreated by stochastic mutations. The magnitude of the mutasidesreased

with each iteration until convergence is achieved and no subsequent improvements
occurGAGs advantages i ncl udgbdinersomlahdnant per f o
linear problems, resistance to solution being trapped in a local optima, and wide
exploration of the parameter spa@A was used to determine parameter sets that

provided neaoptimal agreement between the model predictions andriexental

data.All the properties were assumtdbeindependent of temperature. The developed

models provided satisfactory predictions of experimental data.

Chaos et al[76] employed a more advanced optimization scheme (Shuffled
Complex Evolution(SCE) approach) to determinéhe material propertes from
pyrolysis data collected in FPt#asts SCE has the advantage of considerably reducing
the number ofiterations required for convergencand providing more accurate
predictionscompared to GATheonedimensional1D) pyrolysis mo&l developedy
Chaas et al.wasbased on the principles of Gpyi®4]. The model coupled with SCE
was employed to estimate the parametershode materials: PMMA, singieall
corrugated board, and chlorinated polyvinyl chloride. It should be noted tgatlbR
data wee usedo develop the pyrolysis moddlhe surface temperature dateasured
with an infrared pyrometawere not useth model developmerdue to the unknown
surface emissivityThe temperaturdependency of properties was not considerars
approat predicted the MLR data dfie tested materials exposed to several heat fluxes

very well. It is noted that Chaos et al. attempted to estimate all the material properties
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though a single set of experimental data pgrolyzing materials thatndego a
complex coupling of physical and chemical procesBes resulting material properties
may not be representative of the actual physical and chemical propertigsigie
extrapolation to scenarios outside of calibration conditions were unjukifgxbh80].
Therefore, 1 is crucial to design an approat¢h yield more physically realistic
parameters thatan describe materialesponse to catitions outsidethe calibration

scenarios

Li et al. [9,46,78,81]developed a methodology fmarameterize the material
properties for pyrolysis model development of solid materials in a hierarchical way.
This methodology was based on the TGA, D&@] CAPA experimentsoupled with
inverse numerical modeling of these experimental data using Thern@kn TGA
and DSCtestswhere the chemical reactions were decoupled from the mass and heat
transport processeagere conducted to determine to the kice and thermodynamics
of decompositionrespectivelySecond, ie back surface temperatures were obtained
by focusing a calibrated infrared cameratlom bottom sample surface through a gold
coated flat mirroin CAPA experimentsAn inverse analysisf the measured back
surface temperaturesvas employed to determine the thermal catiglity of
componentsThe temperaturdependency of the parameters were considered. Third,
the MLR data obtained from CAPA tests, not used as parameter calibration, were
empoyed to validate the resulting parametditsis methodology has besnccessfully
applied to a set of necharring and charring polymef9,46,78,81] The resulting
pyrolysis modelswere able to predict the experimental burning rates collected at

different heat fluxes beyond the calibration range.

19



McKinnon et al.[12,82] extended this existing meidology to construct
pyrolysis models forhighly complicated compositesMicroscale combustion
calorimeterntests were also introduced to determinedbenpleteheats of combuitn
of evolved volatile$83]. Theheats of combustion are critical for fire risk assessments
as it relates the burning rate to the heat releasdmatee study othe multilayer floor
covering [82], McKinnon and Stoliarovparameterizeé each layer individually to
identify its contribution to the overall respmnof the composite. The combination of
different layers produced a fair agreement betweernxiierienental and simulated data
of the compositeThepotentialphysical and chemical interactiobstween layeraere

not considered.

As the demand for morefettive and environmentally friendly flame retardant
additives to engineered plastics incred4d$, it is crucial to extend this methodology
to flame retardant matials for pyrolysis model developmer@irardin etal. [84]
attemptedd develop a pyrolysis model ofmaulti-component flame retardant system.
During the model construction, the blend was treatedsasgée component and the
potential chemical and physicatteractions between each component were not taken
into accountKnowledge of the interactions enables a quantitative understanding of the
relation between the fire behaviand thematerial composition (flame retardant
content), whiclplaysa critical role in designing flame retardant materials with optimal

fire resistane and other excellent mechanical properties.

1.2.2Review ofCharacterizatiof Flame Retardariaterials

A number offlame retardantsvhichact on a material with different physical and

chemical mechanism® improve the material fire performance, hdeen explored
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for various polymers. In generdllame retardantsan be classified into three different
types based on the mechanisms of flame retardant a@&jn gasphase flame
retardancy, chaforming flame retardancy, and endothermic flame retardancy. The

first andsecond flame retardancy methods are more widely adopted.

Halogenatedlame retardantfiave been in use since the 1930s and have been
found to be the most effective for a wide range of polymers. Among all the halogenated
flame retardantsbrominated flameetardants are most widely used since they are
highly efficient and relatively inexpensiJ86]. It was found that the Br bond is
stable enough for environmental exposure and yet unstable enough that heat can easily
break the bond, releasing the bromine under fire conditions to inhibit free radical
combustion reetions in the vapor phase. However, significant concerns have been
raised regarding the persistence of brominfitede retardants the environment, the
tendencyof brominatedflame retardantt bio-accumulate and tirepotential toxicity
[87,88] Efforts have been made to develop environmentally friendly alternatives to

halogenatedlame retardants

Halogenfree phosphorubased flame retardantshave gained increasing
popularity for various polymeric materials since they can be effective in both vapor
phase through flame inhibitimandcondensegbhase by producing and enhancing char
layers[89i 92]. Phosphorushasedlame retardantsan vary greatly from inorganic to
organic forms andary between oxidation states (0, +3, ¥93]. Even at a relatively
low loading level (mass concentration)the phosphorubased flame retardants
demonstrate effective flame retardari@y]. In addition, the phosphorus compounds

actas acid catalysts in the intumescent systems to initiate the char formation pvocess
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produce a protective carbon layekn intumescent systerf®5] consists of three
components: an acid catalyst, a carboarse, and a blowing agent. The intumescent
systemsare typically used to provide figgrotection for fire barriers and applications

requiring a high level of fire safety.

In this work, twowidely usedphogphoruscontaining flame retardamolymers
are investigatedglass fiber reinforced polyamide 66 (PA66/GFgrided with red
phosphorus(RP) and glass fiber reinforced polybutylene terephthalate (PBT/GF)
mixed with aluminum diethyl phosphinate (DEPAL) and melamine polyphosphate
(MPP).The engineering plasti®A66 hasan excellent electrically insulating property,
high tensile strength, andigh ductility, andhas beerwidely used as electrical
insulator. However, pure PA66 has poor dimensional stability goat resistance to
long-term heat exposull®4]. Therefore, additives are alwaygorporated into PA66
to maintain dimensional stability andcrease fire resistand®foreusein electrical
and electronigroductswhere fire resistance is requiréthe incorporation of lgss
fiber helpsto prevent the PA66 from dripping. Howeverags fiber reinforced PA66
is more combustible than t h@69Fwheeth® A66 due
molten polymer is transported from regions of higher concentration tunsegf lower
concentrationPhosphorusontaining additives have been found to be very effective
in improving the fire performance of PA66/GF. Red phosphorus blended with
PAG66/GF is the most widely us¢@3,98]. It was found that the incorporation of86
wt.% of red phosphorus (Rifto glass fiber reinforced polyamide blendslds a \/

0 ratng in UL 94 test4d94]. UL 94[5] is a standard test for flammability of polymeric
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materials used for parts in\dees and appliances. Materials that obtain-@ kating

are classified to be flame resistant.

Schartel et al[99] conducted an extensive study of the decomposition and
combustion behavior of seven gladsefi reinforced PA66 Bhds. Thermogravimetry
(TG) coupled with Fourier Transfm Infrared Spectroscopynd TG couled with
Mass Spectroscopwere used to investigate the thermal decompositighe blends.

A cone calorimeter was employed to analyze rtloeimbustion behaviolith the
introduction of RP, the MLR curves showed two separate decompositionipeaBs
results The temperature regions of the decomposiiitR curve of RP-containing
blends were broadenedhe cone calorimeter results showedttiRP acted in
condensegbhasedecompositiorby increasinghe amount o€har The produced char
actedas abarrier layerthat inhibitedthe mass and heat transfevhich resultedn a

decrease itotal heat release

PBT is used for various insulating i the electrical and electronic industries,
like lamp holders, switches, circuit breakeasmid motor casings. It has high heat
resistance, good mechanical strength, water resistarm® excellent electrical
insulating propertiegl00]. However, pure PBT is highly combustible, so it is necessary
to improve its fire retardancy to meet the fire safety requirenwngdectrical and
electronic applications. GF is added into PBT to help prevent dripping and maintai
integrity when burning. However, PBT/GF is more flammable than pure PBT due to
the wick effect. Phosphordsased additives are added into PBT to improve the fire
resistance and are found to be very effective in both the condphaed by promoting

charformation and gaphase by inhibiting the flam@01i 103]. The introduction of
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melamine derivatives as a synetgisth phosphorus flame retardants was found to
further contribute to the fire resistance of the polymer m§tf2,104,105] Braun et

al. [103] investigated the effects of different flame retardants on the pyrolysis and fire
behaviorof PBT/GF by means of TG#frared spectroscopgnd cone calorimeter
tests as well as scanning electron microscdpyas und that PBT/GF, flame
retardantvith DEPAL and melamine cyanuratachieves a \0 classification in UL 94

test and hstan increasd LOI of 44%.

Most of the previous studiesf flame retardantmaterials focused on the
gualitative or semquantitativeanalysis othethermal decomposition and combustion
behavior [92,96,99,103,105109]. None of hem can provide a quantitative
understanding of the relation ketenthe fire behaviorand material composition.
Knowledge of this relation allows fantelligent design of flame retardant materials
with optimized fire resistance and other excellent mechanical propéitieeforejn
thiswork, special attention hdmeen focused on the development of a condepkade
pyrolysis model that quantitatively relates th@me retardant content® the fire

behavior.

1.3 Objective and Current Approach

The present research seeksctwracterizeflame retardant materials fahe
development of pyrolysis models that quantitatively relate the flame retardant contents
to fire behaviorof flame retardant material®elating the fire behavior to material
composition enablemformed design of flame retardant materials vagtimized fire

performance while maintainingoptimal mechanical propertiesA combined
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experimental and modeling methodology is detailed to estimatentduel inputs
(material properties) fahedevelopment of comprehensive pyrolysis meadéiflame
retardant marials. Two sets of widelyused flame retardant materiaRA66/GF/RP
blends and PBT/GF/DEPAL/MPP blendai)e examined in this work to demonstrate

the generality of the methodolo¢iy10i 113].

The methodology employsilligram-scale experiment§ GA, DSC, and MCQ
to measure the sample mass ldlss heatrequired to decompose tsample and the
heat released from the complete combustion of the gaseous products evolved during
the sample decompositiofhe small sample mass and low heating rate used in the
milligram-scale experiments facilitatkecouplinghe chemical reactions frothe mass
and thermal transport processes. Through an inverse analysis of the TGA, DSC, and
MCC measurements using fally verified and validatednumerical pyrolysis
framework, ThermaKin2Dsthe decomposition kinetics and thermodynamics, and
heats of com@te combustion of gaseous pyrolyzate released from decomposition are
determined. The decomposition kinetics and thermodynamics includesdlgon
kinetics, heat capacities of condengddse reactants and producsd heats of
decomposition or meltingThe extrapolatingcapability of the developed reaction
modelis validated againgtata collected at different heating conditions and for blends
with new material compositienthat differ from those employed in the model

calibration

The methodology als@lies on a new controlled atmosphere pysis apparatus
I (CAPA 11) to simultaneously measure tMLR, back surface temperature, and

sample shape profile evolution of pyrolyzing samples exposed tadeftied radiant
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heating. CAPAII has been developetb enablecarefully controlledgasification
experiments of intumescent and charring materials through a joint bHoseen
severalcolleagues Interpretation of theCAPA 1l measurements using the reaction
model and ThermaKin2Ds yields the properties tigine heat and mass transport in

the pyrolyzing sample#\ complete pyrolysis model is developed using the resulting
reaction model and thermal and mass transport propértiesextrapolating capability

of the pyrolysis model is examined against dat@iold at different external heating
conditions and for blends with new compositions that are outside of those used in the

model calibration.

Additionally, idealized cone calorimetry simulations are conducted to
demonstrate the action of flame retardamt the fire performance of a matersed
on the heats of combustion of gaseous products obtained in MCC and the developed
pyrolysis model. To the best of mignowledge, it is the first time that a quantitative
relation between the fire behavior and mialecompositionhas beerdeveloped for
multi-component flame retardant sgnsts. This work is critical fantelligent design of
flame retardant materials with optimal fire resistance and atpg#mal properties

tailored for specific applications
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Chapter2.Mat ersi a

2.1 PA66/GF/RPBlends

The dass fiber reinforced polyamide &@ixedwith red phosphoruestedn this
work was provided by BASFThe compounds werenixed andproduced on a twin
screw extruderThe extrudate was pulled through a water bath for cogimmy to
becoming granulated. Samples fagasification testswere prepared via injection

molding[114] into 3.8mm thick phtes.

The formulation name andompositionof PA66based blendsre shown in
Table 2.1.These materialg/ere selected to representange of compositions thate
commonly encountered imdustrial and commercial application¥hree blends,
PA66/GF25, PA66/GF2RP1.5 and PA66/GHRP6.Q were employed to develop the
reaction mechanism Glass fiber was asswd to be chemically inert. PAGS,
PA66/GF25RP3.0, PA66/GIRP4.5, and PA66/GRP9.0were used to validate the
developedeaction mechanisnThe first four blends iTable2.1 were employed to
develop the pyrolysis modtiat was built on the foundation dfet developed reaction
mechanism Two blends with new compositisn PA66/GFRP4.5 and PA66/GF
RP9.0, were used to validate the pyrolysis modledhould benoted that PA66 was
also includedn the pyrolysis model developmentenable the pararnterizationof the
thermal transprt properties of PA66 and thghysicalinteraction between PA66 and

GF when developing the pyrolysis model.

The samples for TGA, DS@nd MCC tests were prepared by either cutting or

grinding the plates into-3 mg specimens. Eaclstavas repeated multiple times using
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varying sample mass and shape to verify that the test results were not sensitive to these
factors and thus ensure thermally thin behavior (no significant temperature or
composition gradients within the sampl@he samfes for gasification tests were
prepared by cutting th&.8 mm thickplatewith a computer numerical control milling
machineinto a circlewith a diameter of 0.07 m. The samplesrefurthermachined to

have a thickness on the order of p 1 m for broalband radiation absorption
measurement#ll samples were conditioned in a desiccator in the presence of Drierite
for a minimum of 48 hours prior to testing to obtain measurements with negligible

contribution from moisture.

Table2.1 PA66-based materials tested in this study

PA66 (Wt.%)  GF (wt.%)

i 0,

Formulation Name 24" OCE DS 1110 RP (wt.%)
PAG66 100 0 0
Model PA66/GF25 75 25 0
Development PA66/GF25RP1.5 73.5 25 1.5
PA66/GF25RP6.0 69 25 6.0
PA66/GF25RP3.0 72 25 3.0

Modd
PA66/GF25RP4.5 70.5 25 4.5
Validation

PA66/GF25RP9.0 66 25 9.0

* Commercial name

2.2 PBT/GF/DEPAL/MPP Blends

Glass fiber reinforced polybutylene terephthalate mixéd alumirum diethyl
phasphinate and melamine polyphdse blends tested in this work werevided by

BASF. They werg@roduced by first mixing the polymer matrix aadditivesand then
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extruding the mixture int@.8 mm thick platesn the same manner aescribed in
Section 2.1 The formulation name and coogition of thePBT-basedmaterals are
shown in Table 2.2. i#e blends PBT/GF25, PBT/GF2BDEPALS, PBT/GF25
DEPAL16, PBT/GF28VIPP4, and PBT/GF2MPP8,were employed to develop the
reaction mechanisn®Glass fiber was assumed to be chemically inert. PBT/BGBI5%
DEPAL8-MPP4, and PBT/GF2BEPAL16-MPP8weresubsequentlysed to validate
the reaction mechanisrihe first six blends imable 2.2 were employed to develop
the pyrolysis mdel. The last two blends ifable 2.2PBT/GF25DEPAL8-MPP4and
PBT/GF25DEPAL16-MPP8 were used to validate the pyrolysis modeis noted
that PBT was also includeth the pyrolysis model developmeninlike the reaction
mechanism developmentp enable the parameterization of the thermal transport
properties of PBT and thghysicalinteraction between PBT and GF when developing

the pyrolysis model.

The samples for TGA, DS@nd MCC tests were prepared by either cutting or
grinding the plates into-3 mg specimens. Each test was repeated multiple times using
varying sample masmd shape to verify that the test results were not sensitive to these
factors and thus ensure thermally thin behavior (i.e., no significant temperature or
composition gradients within the samplEhe samplstested m gasification testaere
carefully cutwith a computer numerical control milling machinehtovea diameter of
0.07 m and a thickness oB83nm. All samples were conditioned in a desiccator in the
presence of Drierite for a minimum of 48 hours prior to testing to ensure negligible

contributiors from moisture.
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Table2.2 PBT-basedmnaterialstested in this study

PBT GF DEPAL MPP
Formulation Name Ultradur Glass fiber Exolit OP Melapur
B4500 PPG 3786 1240 200
(Wt. %) (Wt %) (Wt. %)  (wt. %)
PBT 100 0 0 0
PBT/GF25 75 25 0 0
PBT/GF25DEPALS8 67 25 8 0
Model
Development PBT/GF25DEPAL16 59 25 16 0
PBT/GF25MPP4 71 25 0 4
PBT/GF25MPP8 67 25 0 8
PBT/GF25DEPAL8-MPP4 63 25 8 4
Model
Validation PBT/GF25DEPAL16MPP8 51 25 16 8

" Commercal name
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ChapterB.Ex per i ment al Met hods

3.1 Milligram -scaleExperiments

3.1.1Simultaneous Thermal Analysis (STA)

A Netzsch 449 F3 Jupiter Simultaneous Thermal Analyzer was employed to
conduct TGA and DSC tests simultaneoushhis apparatus combines a TGA
instrument equipped witha 1 t g-resolution microbalance and a heat flux DSC
implemented using a Netzsch TA@®SC sample carrier equipped with-type
thermocouplesFigure 3.1 depictsa schematic othe STA. More information on the

design of thel49F3 Jupiter STAcanbe foundinthen uf act ur e[B1S]. br ochur e

All STA tests followed a carefully prescribed temperature program. The
temperature program for these tests had a conditioning period in tivhisample was
maintained at B3 K for 25 min, followed bylinear heatingip to &3 K. The majority
of the tests were conductadl anominal heatingrate of 10 K mirt (0.167 K s') to
ensure that the heating rate was sufficiently low to decouple the chemical reactions
from the mass and thermal transpofhe tests were performed in amaerobic
environment established by continuously pu
at a rate of 50 mL mih PlatinumRhodium crucibles with lids were utilized in all
tests to maximize temperature unifatyrand heat flow sensitivityThe lids had a small
opening for ventilation to allow gaseous pyrolyzate to escape the criicides. shown
in a previous study45] that the Id does not interfere withthe transfer of gaseous
decomposition productsut of the crucibleThe mass and heat flow data were collected

simultaneouslyas a function of time anshmpletemperature.
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The temperature and heat flow sensors of thistingnt were calibrated using a
set ofsevenorganic and inorganic compounds with known mgltpoints and heats of
melting. The temperature calibration provided a relation betwleemeasured and
actual sample temperatsteThe heat flow sensocalibration provided a conversion
between the difference ithe voltage generated bthe sample crucible and the
reference crucibleand the actual sample heat flowThe calibration tests were
perfamed under the santest conditionstémperature program, flow ra@ndtype of
crucible) as those utilized in the majority attualexperiments.The gability of the
calibrations werehecked once a month and the apparatus was completely recalibrated

every 3 months.

Eachsampletest was preceded by a baseline testravtiee empty sample and
reference crucibles were subjected to the same heating pragrdre actual testhe
mass and heat flow datd the baselinevere subtracted from the corresponding data
obtained from thactualsample test. All the T& and DSC dat presented in this work
have been baseline correctéddetailed description of the instrument calibration and

testing protocol can be found in an earlier publical4s).

The STA tests oboth PA66based and PBbasedblendsemployedin the
reaction mechanism development weoaducted at 10 K mihand repeated ten times
to ensure neroducibility and accumulateecessary statisticédditional TGA-only
tests (no heat flow signal was collectefithese blends were performed at 5 K tin
and 20 K min. TheseTGA-only tests were repeated three times and were used to
verify that the developed reamh model correctly extrapolatédemat er i al 6 s beha\

to alternate thermal conditions. Only TGA tests on the remaining A8éd blends
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used for reaction model validation were conductetiCak miri! and repeated three
times. The STA tests on the remaining PBa&ased blends used for reactimodel
validation were conducted at 10 K rimnd repeated five times produce reliable
DSC dataThe TGA tests of MPP were performed at 10 K himtriplicate. The mass
and heat flow data obtained from repeated tests were avegragetb use to nmimize

random errors.

Exhaust Flow Path

Heating Element

Sample Crucible
Reference Cruciblg 1‘ E

- e
;

,Purge Gas Flow

Figure3.1 Schematic of Simultaneous Thermal Analysis

3.1.2Microscale Combustion Calorimetry (MCC)

MCC is a standardized test method used to measure the heat release rate (HRR)
from complete combustion of gaseous products evolved from a pyrolyzingrglide
3.2 showsa schematic of Microscale Combustion Calorimetdihe primary
components of this apparatus consisa pyrolyzer and a combustdihe MCC tests
were performed at thsame prescribed heating rate of 10 K-haig used in STA tests

to enable a direct comparison with the STA measurements. A slightly higher
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temperature of 348 K was set as the initial temperature. All the samples were pyrolyzed
in a ceramic crucible withd a lidin nitrogen at a flow rate of 80 mL minThe gaseous
pyrolyzate was purged by nitrogen into the combustor, where the pyrolyzate was mixed
with excess oxygen, supplied at a flow rate of 20 mL inand oxidized. The
temperature of the combusteas sefat 1173 K to ensure completembustion The

heat released from the combustion process was measured using the principle of oxygen
consumptiori83]. The HRR wasecordedas a function of time and pyrolyzing sample

temperatureA detailed description of the MCC method can be found elseVi&g}e

The MCC apparatus was carefully calibrated on a monthly basis following the
recommended procedurf&3]. A temperature calibration that relied on the melting
point of several pure meta{;hdium, Lead, Zinc, and Aluminumyas conducted to
ensure accurate sample temperature measurements. The oxygen sensor was calibrated
against a standard>Ml> mixture to ensure accurate HRR measureméakystyrene
tests wereonducted prior to the sample tesetwsurehe stability of the instrument.
MCC testswere subsequentlperformed on the materials used in the reaction model
dewelopment. Each test was repeated thiraes dueo their high reproducibilityThe

HRR data obtaineffom repeated testgere averaged prior to further analysis.
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Figure3.2 Rendering of thdlicroscale Combstion Calorimeter

3.2Bench-scale Experiments

3.2.1Broadband Radiation Absorption

The broadband radiation absorption coefficient measurement was based on a
methodology described by Linteris et[&2], which was adopted in several additional
studies[78,82,116] The method involved irradiating a material specimen with a
thickness about 1p 1 m, at a welldefined radiant flurom an electric cocal
heater. he radiation flux transmitted through the samplas measuredvith a
SchmidtBoelter heat flux gauge (1.2p 1 m diameter). A schematic of the
measwementsetup is provided in Figure 3.Bheradiationwas collimated by Kaowool
PM insulaton board with a cylindrical hole in the centeomparable in size to the
diameter of the heat flux gauge, to direct the light waves through the sample specimen.
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The heater was set at a temperature of 940 K that corresponded to the radiant heat flux
of 45kW m?to the sample surface in the gasification experiment, described in Section
2.3. The sample was positioned 0.07 m below the base of the heatengandthe

heat flux gaugevas positionedlirectly belowthe sample

<«— Conical Heater

Insulation
(collimator)

Sample
Sample Support
Heat Flux Gauge

Figure3.3 Schematic of apparatus to measure the absorption coefficient.

The incident radiation flux to the heat flux gauge was first measured for 30 s,
with the sample removed. After 30 s, the sample was placed under the insulation and
the transmitted flux was measurtat the first 3s of sample radiation exposure to
ensure the conduction through the sample did not contribute significantly to the
measurement. Each test was performed in duplicate to accumulate necessary data
statistics. e averaged datallected in these measurements wesed to calculate the
effective alsorption coefficient with Eq. (3)ladapted fronf62]. In Eq. @.1), [ is the
absorption coefficientynis the density measured at room temperature,) aacthe
sample thickness. X is the coordinate par

represents the sample surface emissivity, which was obtained based onditeasdL
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) and) are the radiation measured by the heat flux gauge through the sample and

with the sample removed, respectively.

| (3.1)

3.2.2 Controlled Atmosphere Pyrolysis Apparatus Il (CAPA 11)

The CAPA I, as depicted in Figure 3.4, is a newly designed gasification
instrument that enables carefully controlled pyrolysis of intumescent andnghar
matrials. CAPA 1l consigd of an electrical radiant conical heater, a gasification
chamber, a balance, an infrared camera, and a video cdmeraectric radiant heater,
capable of providing up to 100 kWhieat flux, wagositioned on a moving track to
enable its fast placement and removal from abovedh#ication chambeinside the
gasificationchamber, there is a steel sample holder with an inner diameter of 82 mm.
Figure 3.5 shows thp-view of the gasification chamber aosssection of CAPA
II. The chambewas constructed from two concentric, circular, aluminum tubes that
were watercooled. The top of the outer tubeas located 0.03 m above the initial
sample surface and 0.01 m below the bottom of the radiant heater housing to minimize
theentrainment of ambient air. The inner wall of the outer aluminum wasecoated
with a high emissivity paint to suppress
continuous flow of gawas introduced to the apparatus within the channel between the
aluminumtubes.The gas was purged through a layer of glass beads with a diameter of

6.4 mm to ensure a homogenized flGwe gas composition can be prescribed.

Material samples of 0.03 to 0.07 m in diameter and 1 to 20 mm in thickness can

be accommodated withime apparatus. Kaowool PMsulationboardwas used to
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thermally insulate the samples around the perimeter, as detaifegline3.5. A piece
of 0.76 mm thick, diamondhaped aluminum mesh covered with a thin (0.025 mm)
copper foil supports the bottom bktsample. The sample, thermal insulator, aluminum

mesh and copper foitereall contained within the sample holder

The CAPA Il diagnostics include three main components: sample mass, back
surface temperaturand sample shape profil€he instantaneousample massvas
recorded using a high precision (1 mg resolution) Sartorius Cubis balance at a
frequency of 2 Hz. A FLIR E40 infrared camevas focused on the thpaintedcopper
foil holding the sample to measure th&cksurface temperature at a freqogmf 7.5
Hz. The foilwas coated with a high (0.94missivity paint to ensure accuracy of this
measurement. Due to geometrical constraints, a gold mirror (with average reflectance
of 0.96)was used to provide the view to thackof thesample. The emigsty in the
infrared camera has been adjusted to account for the transmission loss in the gold
mirror, and was validated against thermocouple based temperature measurements. A
Logitech C930e high definition camenas focused on the sample through a quart
observation window to monitor evolution of the samsgltepe profile Independent
measurements were performed with 3 thermocouples positioned within the channel
between the aluminum tubes and above the glass beads, to obtain the averaged gas

temperaturetaeach prescribed heat flux.
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Figure3.4 Threedimensional drawing of CAPA Il
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Figure3.5 Top-view of the gasification chamber (left) anehsssection ofCAPA I
(right)

The apparatugprovided well-defined boundary conditions. The gasification
chamber was purged with nitrogen at a constant flow rate of 185 SLPM at 298 K and
101 kPaAt this flow rate, the mean oxygen concentration in the pyrolysis zone was
controlled to below 1 vol.% to ensure that the measurements were free of oxidation
effects. A detailed quantdation of the gaseous conditisras provided in a previous

study[117].
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The incident radiative heaflux from the conical heatewas carefully
characterized using a watevoled SchmidBoelter heat flux gauge to account for
changes in the sample surface posiThei on, i n
incident radiation measurements were performed at a series of vertical distances h
from the initial top sample surface position. At each distanc¢hk heat flux was
measured at several horizontatliald i st ances fr om (®)hMostsampl e d
measue ment s were performed with the gaugeods
However, a subset of measuremewere conducted with the sensor positioned at
several polar angled ) to capture the impact of local surface orientationwas
normalized by the disteefrom the sample surfade the bottom of the heater housing,
H=0.04 m. r was normalized by the initial sample radius, R=0.03%hmresults of the
dependence of the incident radiativeat flux N ) measurements on surface position

are summarizeth Eq. (3.2).

= A- A- p A-—- A-—- p¢J

Gl p (3.2)

In this equationA andA coefficientswere used capture the radial trends.
andA coefficients weraused to capture the axial trefgl.andC coefficientswere
vertical dstance dependent coefficients used to capture the angular tfends.
A EX A EXX A and A A EX A EX A where
A 0126 A 0.040,A -0.044,A  -0.088,A 0.092andA  -0.008,
A -0.393andA  0.438coefficients araised to capture the axial tredkl.andA

are vertical distance dependent coefficiefts: A E X( A ET A
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andC A EX( A EX A , whereA ™ wpA ™ 0@

A ™i¢,A 1™ Pd T8 @ @ndA ™ 1.7

Eq. (3.2) provided a capability to compute the incident radiant heat flux
distribution for an intumescent material sample from a knbweat flux set point.
Variation d this set point from 30 to 70 kW fwas examined. It was found that the
mean difference between the model prediction and measured heat fluxes was about 1%,
regardless of the set point selectidhe convective heat losses on the top and bottom
sample sudace were quantified through detailed simulations and further validated
against experimental measurememibich is detailed in Section 4.R.is noted that
the instantaneous gas temperatures were quantified andouseshvective heat flux

calculations.

In this work, the CAPA |l tests on PBdased samples were conducted at nominal
radiative heat fluxes of 30, 45, and 60 kW.rihe gasification tests of the six blends
employed for calibration RBT, PBT/GF25, PBT/GF2BDEPAL8, PBT/GF25
DEPAL16, PBT/GF28MPP4, and PBT/GF28VIPP8)were conducted at both 30 kW
m? and 60 kW rtf. The gasification tests of two blen(RBT/GF25DEPALS8-MPP4
and PBT/GF2DEPAL16-MPP8)employed to examk its extrapolating capability
were performed at an intermediate heat flux ofk¥8 m?. The experiment was
terminated when no significant mass loss was observed. The sample shape profile
evolutiors of PBT-based samples shedthat the surfaces of all the studied samples
remaireduniform across the radiwkiring the pyrolysis procesghe thickness of pure
PBT reducedo almost zero at theonclusion of the tesThe thicknesses of PBT/GF25,

PBT/GF25DEAPLS, and PBT/GF2DEPAL16 remaied approximately constant
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throughout the CAPA Il tests. The thicknesses of PBT/GWARP®4 and PBT/GF25
MPP8 increasiby approximately3 mm and 3.5 mm at about 150 s and then resdain

unchanged until the end of the tests.

The CAPA Il tests on PA6Based samples were conducted at nominal radiative
heat fluxesof 30, 40, 45, and 60 kW 1 The decompositionf pure PA66 was only
examined at 60 kW rhbecause the results at the lower heat flux were found to be
poorly reproducible. The gasification tests of PA66/GF25 were conducted at both 30
kW m? and 60 kW rif. The gasification tests of PA66/GFEF1.5 and R66/GF25
RP6.0 were performed at 40 kW?rand 60 kW rtf. The RRPcontaining blends required
a heat flux of 40 kW riinstead of 30 kW mMibecause the thermal stability of the-RP
containing blends was higher than that of PA66/GF25. The gasification tests of
PA66/GF25RP4.5 and PAG66/GF2RP9.0 were performed at 45 kW2mThe
examination of the sample shape profiles revealed that the sample surface remained
nearly flat and the sample thickness did not change significantynim) throughout

the pyrolysis tets.

Therefore,a 1D assumption was made when simulating the gasification, tests
given the flat sample surface and small changsarnmple thickness for all blendghe
radiative and convective heat fluxes at the middle p@R(= 0.5) were used aseth
averaged values across the sample radius in the simulaifibesback surface
temperature measurementOdR = 0, 0.29, 0.57, and 0.86 were found to be similar
and they were averaged and employed as the inverse modeling target.SEadste
performed in duplicate to ensure reproducibility and to accumulate necessary data

statistics.The MLR was computed using a 5 s time differential and normalized by the
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initial top surface area of the sample. The data were subsequently grouped into 5 s bins
for which mean MLR and mean time values wasmputed. The temperature and MLR

data from repeated tests were grouped together prior to averaging.
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Chapter4.Numer i c al FT laenre walKsik n

4.1 Governing Equations

ThermaKin[36] was first developed to compute the transient rate of gaseous fuel
production from fundamental physical and chemical properties of constituents of a 1D
pyrolyzing solid. ThermaKin was later expanded into atlivoensional (2D) pyrolysis
solver, ThermaKin2[)118], which incorporated a flexible analytical representation of
flame spread. A new fully verified and valtdd numerical framework, ThermaKin2Ds
[116], wasdevelopedo emulate the CAPA Il cylindrical geomet{3D axisymmetric)

and b simulate thegasification experiments.

ThermaKin2Ds accounts for chemical reactions (chemical mechanisms of
arbitrary complexity can be modeled), transient conduction (governed by temperature
dependent properties), -depth thermal radiation absorption and emission, mass
transpot of gaseous species through the condepbede and expansion or
contraction of the pyrolyzing objecT.he material is represented by a mixture of
componentsBy default, the maximum number of components is restricted talb0.
components are dividedto 3 categories: solids, liquids, and gagagry component
is characterized by density, heat capacity, thermal conductivity, a gas transfer
coefficient, emissivity, and a radiation absorption (or extinction) coefficient. The first

four properties are di@eed by a flexible function of teperature, T, given by Eq. (4.1

POl PA®OW b4 4.1
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Where po, p1, pn, and n are useispecified parameters. Themissivity and

absorption coefficient are defined by single (constant) values.

Chemical reactions are defined in Thermakds as occurring between one or

two components to produce zero to two componeginen by Eq. (4.2)
[ #1 -0pf #/ - 0f #/ -0d #/ - O1E (4.2

[ to[ denotethe stoichiometrionasscoefficient which is negative when
component is the reactionds react dhet and p
subscript i represents tih reactionh; is the temperature dependent heat released or
absorbed for each chemical reaction or phase transitibith can be defined as a
temperaturelependent quantityith Eq. (4.1). E is positive when the reaction is

endothermicThe Arrheiius reaction rate), is defined in Eq(4.3)
O ! Agb— v U (4.3)

Ai and E are the Arrhenius prexponential factor and activation energy for
reaction i.2 is the universal gas constant. andu represent thenass
concentration of reactants. the absence of the second reactant, is setto 1Eq.
(4.4) provides the mass conservation for tlbe gomponent in terms of the mass
concentration of the componeir the 2D axisymmeic module, a material object is
defined using the cylindrical coordinates x (axial) and z (radibB.mass conservation
accounts for consumption or productionj-@h componentue to chemical reactions
mass transport of gaseous products (labeled subiscript g) within the condensed

phase given by Eg4.5) (in both axial and radial directionsand mass transport
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associated with contraction or expansion of the material with respect to a stationary

boundary (x = 0)No expansion ocontraction is allwed in the radial (zflirection.

— B [0 — -—— —u, -——AQ (4.4)

* m1 ) ;* M1} (4.5)

Wheret and N represent the timand the number of reactions.is the gas
transfer coefficientlt is noted that only gaseous componenare considered to be
mobile and does not depend on the nature of the gas that is being transfidresd.
thermophysical properties without subscripts correspond to the property of a mixture,
and are calculated as either volurne massweighted sums aihe properties of each

componen{36].

Eq. (4.6) represents the energy conservation in terms of tempeTdtarenergy
conservation accounts for heat flow due to thermal degradation reactions and phase
transitions, and heat conduction within the condempdede defined in Eq. (4.7§in
both axial and radial directionshhe energy conservation also accountsaftsorption
of radiant heat from external sourcdsfined in Eq. (4.8), radiant heat loss from the
material to the environmemdefined in Eq. (4.9), convective heat transfer due to gas
transport, and energy flow associated with contraction or expaoisio® material with

respect to a stationary boundary (x = 0).
B sA— B EO — -— — — B A * —

* —  MA— -—AQ (4.6)

v
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N E— N E— 4.7

— )YB [wv (4.9

— (4.9)

The symbols in Egs. (44.9) are defined as followht represents the number of
componentgAis the heat capacit§is the thermal conductivityf, is the absorption
coefficient,andris the emissivity) is the radiation flux allwbed by the sample
(including indepth) from external sourcekhe superscript O in  denotes net external
radiation flux through the material boundary (incident flux minus reflected)A &nd
the StefarBoltzmann constantl,r is radiant heat Ios from the material to the
environment. A more detailed explanation of the terms of the governing equations, as
well as their numerical solution methodology, can be found in earlier publications

[36,116,118]

These equations rely on thesamptions that the radiative exchange between the
material object and environmemily occurs in the axial directicemd that the rate of
local heat transfer beeen gases and condengdthse components is infinitely fast.
The latter assumption is implemted in the convective heat flow terms (sixth Hght
handside terms in Eq4.6)). An approximate finite rate correction to this assumption
can be made by scaling gas heat capacitgs@asvnward from their actual valueshe
last righthandside termin Eq. (4.6) accouns for the heat transfer associated with

contraction or expansion of the material objeith respect to a stationary boundary (x
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= 0). It is also assumed that the momentum from the gases transported in the solid

material is negligible.

4.2 Boundary Conditions

The boundary condition specification in ThermaKin2Ds is subdivided into three
object geometries: 1D, 2D, and 2D ssxnmetric The boundary conditions defined for
1D and 2D objects are the same as those in Thernja&jand ThermaKin2D.[118].
All the geometries share the same description of masspat at the boundaryhe
mass tansport boundary conditions atefinedto enable thenass transport between
the sample and surroundings. The mass transport at the boundary is specifi@d with
linear function generally used to remogaseougyrolyzatefrom the solid sample
surface. Alternatively, an exponential function may be applied as the boundary

condition to simulate surface reactiqssch as oxidation) or drippirfg6].

The external heat flux (radiative or convective) is defined using a piecewise
linear spatial distribution functioanalogusto the 2D object[118]. An additional
external heat flux module is provided to enable modeling of pyrolysis experiments in
the CAPA 11[117] throughaccouning for the effects obample surfacehanges on the
radiation anatonvection The dependence of incident radiative heat flux on the sample
surface changesascharacterizeth Section 3.2.2Thedependence aonvective heat
flux on the sample surfaces ¢baracterized through computationalidl dynamis
(CFD) calculations angrovided later in this sectioithis additional CAPA Il module
can be turned on and off at usgrecified times. All external and CAPA Il heat fluxes

are added together.
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CFD calculations have been conducted to anatymevective heat transfer at the
sample surfaces. The calculations were performed using the Fire Dynamics Simulator
(FDS) version 6.2.0119] in the direct numerical simulation mode with the radiation
submodel turned off. An axisymmetric computational domaiailt to represent the

CAPA Il gasification chambers shown inFigure 4.1.

| Computational

om\ain
| T
| A\

3

Inlet (Tin, Vi)
Figure4.1 Schematic of CFD model of CAPA Il

A series of scenarios representative of those likely to be encountered in the
gasification experiments have been explored in these calculations. In all scenarios, the
inlet flow temperature and lagity (Tin = 363 K and W = 0.348 m 3) andthe
temperatures of the heater and the plate on the top of &ates= 999 K and Top =
423 K) were specified to correspond to those measured in the experiments conducted

at 51.5 kW nt heat flux set pait. The sample surface temperature) @d sample

shape were varied from scenario to scenario as indicated in A aldad Figuret.2

Nitrogen was defined abe gaseous media in all scenarios with the exception of #6,
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where air was used instead. Scema#6 was employed to analyze convective losses
from the bottom sample surface. Thus, the choice of gaseous media reflects the fact
that, in the CAPA I, the enclosure containing thattomsurface is not purged with

nitrogen.

The convective heat fludN , 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 teamplesurface) and the thermal conductivity of the gas at
the film temperature. The doth@wvn in Figure4.2 depict locations wherld values
were computed. To increase computational efficiency, the computational domain was
subdivided into two parts, as shown in Figdrgé d, and @& represent the grid size in
the region below and aboveet bottom of the heater, respectively. A grid convergence
study was conducted using scenario #3 (corresponding to the highest sample surface
temperature). It was determined that selecting 0.25 and 0.5 mm grid sizgarfdra)
respectively, producds values that are within 3% of those computed using a much

finer, 0.125 mm sized grid.

Table4.1 Summary of input parameters used in the CFD calculations. Slope represents
the ratio of maximum height verstedius of the top sample surface for scenaries #1

5 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
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Slope =0 Slope = 0.5 Slope = 1.0 Slope =0
Scenarios #1, 2, 3 Scenario #4 Scenario #5 Scenario #6

Figure4.2 Scenarios expled in the CFD calculations. Slope represents the ratio of
maximum height versus radius of the sample surface. The dots depict locations where

N values were computed

The CFD simulations of each scenario were carried out for 18 s. Scenafios #2
displayed oscillating flows; thus, the duration of the simulations was selected to reveal
the periodic character fully. A set of temperature distrilbbusioapshots taken over one
oscillation period for scenario #&e shown in Figure4.3. It appears that, despite
significant forced flow through the gasifi
flow is driven primarily by buoyancy and the observedikiation is a manifestation of

the Rayleigh Taylor instability.

Temperature (K)
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I
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Figure4.3 Oscillating temperature profile in one period {146 s) obtained for

scenario #3

The convective heat fluxes computed for scen@B at two representative radial
positions O/R = 0.286 an®/R = 0.857) are shown in Figure 4.4. 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 oftpscillating flows). To examine the
impact of surface 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 aseaylieq. (4.10)
E — EOAO (4.10)

WhereE represents time averaged and position specific convection coefficient
E N7T4 4). E (timeand position averaged convection coefficiar} found

to increase frons.2 to 9.8 W it K1 with Tsincreasing from 500 to 900 K. This change

in E was deemed to be insufficiently large to justify an increase in thelegitypof
the convective loss model through introductionacfurface temperature depdent
convection coefficient. Therefordneé convection coefficients computed at=T700 K
for the top sample surface and ¥ 600 K for the bottom sample surface were

postulated to be representative of the corresponding surface temperature ranges.
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Figure4.4 Convective loss heat fluxes computed for scenario #8Rt= 0.286 and

O/R = 0.857

The time averagedop surface convection coefficientsE , computed for
different scenarios are plotted with redpecthe radial distance in Figude5. Slope
represents the ratio of maximum height versus radius of the sample surface. These
scenarios also explore thepact of the shape of the sample on the convective loss
from the top surface. The results indicate that the shape of the sample has a minor effect
of the convection coefficient, while the impact of radial position is significant. This

radial dependence maptured with Eq(4.11):
E Aor A (4.11)

WhereA = 8.45 W n? Kt andA = 2.97 Wm? K™%,

In addition to the sample geometries explored in these scenarios, the impact of a
recessed top sample surface (3 mm below the edge of the sample holder) was also

explored. It was determined that this geometry was well represented by the same

paraneters. The convection coefficient for the bottom surface was found to be weakly
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dependent on radial distance and its surface area averaged value was determined to be

4W m2K?,

14 — i T T T T T

r B Slope=10

12 ® Slope=40.5 A
r A Slope=1.0 - [

VR
Figure4.5 Time averagedanvective heat transfer coefficients computed for Slope =
0, 0.5, 1.0. Slope represents the ratio of maximum height versus radius of the sample

surface.The line is the fit of the data with Eq. (4.11).

An averaged value & computed for the topurface was validated against an
experiment where a copper plate, coated with a 0.95 emissivity paint and attached to
Kaowool PMinsulationboard, was placed into the gasification chamber instead of a
material sample and heated with the radiant heat étiat25 kW rtf. The temperature
of the plate was measured with embedded thermocouples and compareesulith
computed usingE averaged over the top surface area ofpllaée with Eq.(4.11)in
ThermaKin2Ds The thermephysical properties of copp and insulation can be found
elsewherd120,121] As Figure 4.6indicates, the modeled temperature is in excellent

agreement with the results of the experimental measurement.
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Figure4.6 Comparison of experimental and modeled tempegataf the copper plate

exposed to the incident radiant heat flux set at 25 kv m

4.3 Solution Methodology

To solve thenass and energynservatia equations, a material objestdivided
into finite volumes (or elements). F&D axisymmetric objectshe elementsvere
chaacterized by two sizes: x amdThese sizes represent discretization with respect to
the correspondingxial and radiatoordinates. Each element is also characterized by
masse®f components and temperatufghanges in these paramet with time are
conmputed using a small tirrgtep,t. Forthex dimension the time integration is based
on the CraniNicolson schemg122]. A detailed description of this integration
procedure can be found in an earlier publicaf®®]. Forthe z dimension, a simple
explicit integration is used. Previously performed simulatijdds$] indicate that the
integration in the x dimension is stable at a wide rangeelaficted values of x and t.

The accuracy of the results gradually decreases with increasingoVaitieer of these
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parametersTherefore, to enge that a given simulation is converged, a sensitivity of
the results to the values of theagration parameters shouwtivaysbe examired.x =
5x10° m andt = 0.01 s represent a good initial guess for a typical pyrolysis problem.
The stability of thealution in the explicit integration dimension (z) is subjea well

defined condition:

2 ¢! (4.12

Where A represents either thas transfer coefficient Y or thermal diffusivity

(4 — , of the object, whichever is greater.

4.4 Verification of ThermaKin2Ds

To ensure that the 2D axisymmetric module was implemented correctly, its
performance was compared to relevant analytioalt®ns. Four vefication cases
were examinedincluding heat conduction in the x and z directions as well as mass
diffusion in both directionsThe integration of chemical kinetics and solution of the
radiation transport were verified previously withine framework of the original
ThermaKin [36] and therefore did at require further verification in the 2D

axisymmetric module.

4.4.1 HeaConductionin the Axial Direction

A cylindrical objectwith temperature independent propertiess employed to
analyze the heat conduction in the axial directibne cylinder had a height of L =
0.005 m and radius of W = 0.00% The initial temperature of the cylinder was atT

300 K.The origin of the cylindrical coordinates was at the center of the bottom cylinder
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surface. The top surface boundary (x = L) wassatconstant temperature, ¥ 1000

K, while the bottom andide boundaries were defined as adiabatic. The density, heat
capacity, thermal conductivity, gas transfer coefficiand emissivity of the cylinder
were set at 1000 kg A 2000 J kg K%, 0.2 W mt KL p pm m? st and 0,

respectively.

The governing equation for tli® heat conductiom the axial directioris given

by Eq (4.13, obtained from Carslaw and Jaeffi23].

- _— (4.13)
The analytical solution to this problesgiven byEqgs.(4.141 4.16)

a0 4 B " AT10gAgp 10 (4.14)

" -, 4 4 AIVGAD (4.15)

] T -- (4.16)

The infinite series was evaluatatin = 1000 to make sure that the resulting term
was convergedin the ThermaKin2Ds simulation, the element size X and z
directions,and time step were set at 5 x*1th and 5 x 1¢ m, and 0.01 sThe
convergence of the numerical solution was verified by demonstrating that the results
were not sensitive to a factor of four change in the integration parankegen®4.7(a)
portrays the comparison between the numericalilte from ThermaKin2Ds (open
symbols) and the analytical solutioedsolid line) for several different timeshe two

solutions are in a perfect agreement with each other.
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Figure4.7 A comparison of théemperature profiles of transient heat conduction in

the (a) axial and (b) radial directions between the ThermaKisbgationand

corresponding analytical solutioffs23].

4.4.2 Heat Transfer in the Radial Direction

The same cylindrical object with the sarmenstantmaterial properties was
employedto examine the transient heat conduction in the radial directtom initial
temperature of the cyldterwas prescribed as ¥ 300 K.The temperature at z = Yl
the radial directionvas set to a constant valuey ¥ 1000 K. Thetop and bottom
surface boundaries were defined as adiabdtie analytical solution for the 1D

transient heat conduction fhe radial direction is giveas Eq. (4.17)123].
-— U= -— (4.17)

The analytical solution to this problesigiven byEq. (4.18)

A

400 4 B Aoby10 (4.18)

Where 4 and J represent Bessel functigrend the eigenvalues are the roots of

J(}} W) =0. The infinite series was evaluated at 308 to make sure that the resulting
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term was convergedn the ThermaKin2Ds simulation, the element sipeaxial ard
radial directioss, and time step were set @tx 103 m and5 x 10° m, and 0.01 sA
comparison of this solution with the ThermaKin2Ds simulai®shown in Figure
4.7(b). The two results are good agreement, which indicatdtat the heat transport

in the radial directiowvassolved correctlyn the 2D axisymmetrianodule.

4.4.3 Mass Transfer in the Axial Direction

The transient mass diffusion the axial directionwas examined using the same
cylindrical object (same dimensions and same physicaleptiep) as that defined in
Sectiond4.4.1 The initial gas concentratidi€) inside the cylinder was set &=0 kg
m3. No mass transport was allowed through gl or bottom surface boundarigs
= 0). The gas concentration at the top surface bour(gtary.) was set to be a constant
value of G = 250 kg n?. Thetemperature of the cylinder and environmeasset at

a constanvalue of300 K.

According toCrank[124], the analytical solutioffior the 1D mass diffusion in

the axial directhinis given byEq. (4.19)

. (4.19)

1 is the gas transport coefficient. The analytical solution to this proklgimen
by Egs. (4.20 4.22).

#add # B " AT1VgA@p 10 (4.20)
" - # # AT0GAU (4.21)
] T -- (4.22)

The infinite series was evaluated at n = 1000 to make sure that the resulting term
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was convergedin the ThermaKin2Ds simulation, the element sizes in x and z
directions, andime step were set at 5 x 1én and 5 x 18 m (a single element in the
radial direction) and0.001s. The convergence of the numerical solution was verified
by demonstrating that the results were not sensitive to a factor of four change in the
integraton parameters. Fige4.8(a) portrays the comparison of thasconcentration
profiles in the axial direction obtained from the analytical solution and simulation. The

results are in perfect agreement with each other.

0 ThermaKin2Ds |

(a) "] i o TherﬁlaKinZDS :

250+

Analytical Analytical ___
200 200
<150 150 .
g
o)
2 100 100 R
&)
50 50 .
] : : . . ‘ ] ; : ; . 1
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)

Figure4.8 A comparison of the concentration profiles arising as a result of transient
mass diffusion in the (a) axial and (b) radial directions between the ThermaKin2Ds

and corresponding analytical solutida24].

4.4.4 Masslransfer in the Radial Direction

The mass transfer in the radial direction was veritisd the same cylindrical
objectwith the same physical propertieshe initial gas concentrationondition was
prescribed asiG 0 kg m®. The gas concentration ataV (in the radial direction) was
set alCw = 250 kg . No mass transport was allowed at the top and bottom surface

boundariesThe temperature of the cylinder and environment was set at a constant
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value of 300 KThe governing equation for the mass sfanin the radial directiors

given by Eq(4.23, obtained from CranKL24].
-— U= -— (4.23)

The analytical solution to this problem was given by B4)

# O # B Aagpl 10 (4.24)

J and J represent Bessel functions, and the eigenvalues are the rogfs o)
= 0. The infinite series was evaluated at n = 308 to make that the resulting term
was convergedn the ThermaKin2Ds simulation, the element sizes in axial and radial
directions, and time step were set at 5 X &0(a single element in axial directioafd
5 x 10° m, and 0001 s.Figure4.8(b) portrays thecomparison between the numerical
results from ThermaKin2Ds (open symbols) and the analytical solugdsdlid line)
for several different times. The excellent agreement between the two solutions provides

a verification that the numerical model is cotrec

4.5 Modeling Setup

4.5.1 Modeling Milligramscale Experiments

In the modeling of the milligrarscale experiments, all samples were treated as
thermally thin and simulated using a single spatial elerméetgas transfer coefficient
was set at 2 p 1t | O for all gaseous decomposition products to enable an
unimpeded gas flow through the condenpbldseThe mass flow boundary for the top
sample surface was defined to provide no resistance to the outflow of the gaseous

pyrolyzate. No mass flow wgallowed through the back surface boundahg element
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temperature was forced to follow thmeanexperimental temperaturprofile by
defining a sufficiently higlconvection coefficientl 10° W m? K?) at the element
boundary. To account for the thermakrtia preventing the STAand MCC from
reaching the nominal heating rate instantaneo[82y125] the actualkexperimental
temperature profile was approximated by expressing the heating rate as an
exponentiallydecaying sinusoidal functignescribed in Eq. (4.25)
— 0 Op AoDbOO ATOO OOEG®O (4.25)

This function was added to timeodelingformulation to define the temperature
of the simulatd sample as a function of timehe parameters of this function were
detemined to reproduce heating rate profiles obseriadthe STA and MCC
experimentskor each set of materigBA66-based and PBbased blendsjhe heating
rate profilewas refitted (polymer matrix was used to represent each set of blefuals)
example of he comparison of the fitted and experimental heating rate profiles for
PAG66/GF/RPblendsof STA testsat 10 K mint is shownin Figure 4.9 The values of
theresultingparameters are provided in TaBl@ The heating rate functisnverealso
parametrizedor the STA tests at 5 K mihand 20 K min‘ and MCC testat 10 K min
! The corresponding values of the parameters in Eq. (4.25) are also reported in Table

4.2
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Figure4.9 Instantaneous heating rateaafinction of time for PA66/GF/RP
blendsof STA testsat 10 K mint

Table4.2 The values oparameters in Eg. (4.25) determined for STA and MCC.tests

(MCC tests were marked with asterisk).

Heating Rate u; U2 Us U4
K mint Kst st st

5 0.0835 0.0033 0.0049 -0.9278

10 0.166 0.0030 0.0046 -0.9922

PABB/GF/RP 20 0.333 0.0024 0.0054 -0.6971
10 0.167 0.0034 0.0046 -0.2403

5 0.0835 0.0033 0.0049 -0.9278

10 0.1662 0.0030 0.0046 -1.09%

PBT/GF/IDEPALIMPP 20 0.333 0.0024 0.0054 -0.6971
10” 0.167 0.0034 0.0046 -0.2403

" Represent the MCC tests

4.5.2 Modeling Benclscale Experiments

In this work, a 1D assumption was made when simulating the ismadé
gasification experimentslue to the approximatelflat sample surface and small

changes in sample thickness. Therefdltesalculations were conducted usirg p
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pm mand z =c® p 1T m (a single element in the radial directiospatial
discretization and 0.01 s time step. Every integratioarpater was varied by a factor

of two, while keeping the otheifixed, and the simulation results were compared to
ensure that all numerical solutions were fully converged. The gas transfer coefficient
was set at 2 pm | O for all gaseous decgmosition products to enable an
unimpeded gas flow through the condenpidse. The gaseous products were assumed
not to contribute to the volume of the samglbe mass flow boundary for the top
sample surface was defined to provide no resistance to tewwf the gaseous
pyrolyzate. No mass flow was allowed through the back surface boundary, which
simulated the presence of the copper foil underneath the s@tifle The sample
thickness evolution was modeled by prescribing the densities of coneamssel
decomposition products to capture the overall change in sample volume as done

previously[82].

As discussed in Section 3.2the instantaneous gas temperatyi4s) were
guantified and useth the calculations ofonvective heat fluat topsample surface
The gas temperatusyolution was expressed through E526). It is important to note
that a constartbp background temperatufé ) of 290 K, which corresponds to the
temperature of the heat flux gauge, was used as a baseline for the temperature fitting.
The aseciated fitting parameters of Eq. (4.26) were determined for each applied

incident heat flux, as shown in Table 4.3.
4 4 A0 4 Ag®O+290 (4.26)

The background temperature at the bottom surface was assormedhe same

as measurethner chamber wall temperature which shovaedinitial rise (from 300
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K) until about 800 s and then stayednstant.The initial temperature rise was
approximately fittedusing a liner function. The transition poiftemperature

(4 i) at 800 s for each heat flux is determined and reported in Table 4.3.

Table 4.3 The values of the fitting parameters for the gas teaipee and the

background temperature at the top and bottom surface.

Nominal heat 4 4 4 4 4 + 4 R

flux (kW m? K] [s7] [K] [s"] [K] [K]
30 48.1 3.11x16 -26.6 -1.28x10¢° 290 316
40 66.5 9.80x 1% -35.0 -1.29x10¢ 290 322
45 738 2.11x1¢ -425 -1.06x 10 290 325
60 90.5 1.19x 10 -54.7 -8.98x10° 290 334
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Chapter5.Char acteri zation of PA66/ GF

5.1 Milligram -scale Results and Analysis

5.1.1 Overall Approach to Reaction Model Developmeior PA66/GF/RP

Blends

The generalized reaction model for the PA66/GF/RP system was developed
through a quantitative analysis of the thermal degradation behavior of PA66/GF25,
PAG66/GF25RP1.5 and PA66/GF25RP6.0 blends. Thisdevelopment process
consistedf four steps. First, a PA66 decomposition model was derived from the TGA
and DSC data obtained for the PA66/GF25 blend. The GF component was assumed to

be chemically inert.

In the second step, an attempt was made to simulate the TGA and DSC data
obtain@l for the PA66/GF28RP1.5 blend using a combination of the PA66
decomposition model and a reaction representing sublimation of RP, the kinetics of
which was initially estimated using literature data. Significant differences between this
simulation and exgrimental data were identified. These differences were interpreted
as evidence of a chemicaitéraction between PA66 and RPhe parameters of
reactions representing this interaction were determined thorough a fitting of the TGA

and DSC data obtained fBrA66/GF25RP1.5 and PA66/GF2BP6.0 blends.

In the third step, the reaction model including this interaction was employed to
simulate  MCC experimental data for PA66/GF25, PA66/GRP4.5 and

PA66/GF25RP6.0 blends. Heats of combust{bgm) of all gaseus reaction products
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were derived from these simulations. In the final step, the validity of the developed

reaction model was verified by demonstrating that this model successfully predicts

TGA data for a series of blends with a wide range of RP contemtas also shown

that the reaction model captures the kinetics of decomposition of these materials at

lower and higher heating rates than those utilized in the parameterization process.

5.1.2 Inverse Modeling of TGA and DSCdiaof PA66/GF/GHlends

Themean experimental relsi of the TGA and DSC tests BiA66/GF25 blend
are shown as open symboldHigure5.1. Figure5.1(a) displays the dependence of the
sampe mass, m, and MLRormalized by the initial mass,omon temperature, T.
Figure5.1(b) conains initiaksamplemassnormalized heat flow and integral heat flow
dependences on temperature. All error bars were calculated as two standard deviations
of the mean. The experimental MLR profi®ntains a single peak at 700 K
corresponding to the demposition process. This decomposition produ2éadvt%
condensegbhase residuayhich included 25 w# of GF. The normalized heat flow
curve contains two distinct maxima. The first (535 K) maximum represents the melting

process; the second (700 K) maxim represents thermal decomposition.
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Figure5.1 Experimental and simulated (a) TGA and (b) DSC data obtained for

PAG66/GF25 at 10 Knin'?

During the inverse modeling process, several criteria were defirreedoring
the agreement between modeled and experimental curves within the experimental
uncertaintiesThekinetic parameters were adjusted until the experimental and modeled
final mass residues, and positions and magnitudes of MLR maxima were 3%&htn
K and 8%, respectivelyThe thermodynamic parameters were adjusted until the
predicted magnitudes of heat flow maxima were within 10%, temperatures of the
maxima were within 5 K, and final integral heat flow was within 5% of the average

experimental rasts.

A reaction scheme consisting of four consecutive steps, Reactidisgien in
Table 5.1 was found to be required to capture the experimental TGA and DSC data of
PA66/GF25 with the accuracy defined by the aforementioned criteria. Reaction (1) was
used to represent the melting process. Reactiod§ (2ere required to accurately
capture the shape and magnitude of both the MLR and heat flow peaks corresponding
to the decompositionThe component names used in this reaction scheme &re sel
explanatoryThe key reaction parameters, including thegxponential factor, A, and
activation energy, E, are provided in Tabl2. The reaction parameters were derived
through a manually iterative process that is discussed in detail in earlier publications

[12,82]and Appendix II.

The heat capacitpf GF was obtained from the literatuf#26]. The heat
capacities of PA66 and PA66_Melt components were determined through the fitting of

the corresponding regionstbie experimental PA66/GF25 DSC daféhe heat capacity
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of the component representing the final residue, PA66_Res3, could not be resolved due
to an extremely small yield (2 Wb). Therefore its heat capacity was assumed to be
equal to the average heat capaof chars, 1700 E C + [46], produced by several
common polymers. The heat capacities of the intermediate coneamssel products,
PA66_Resl1 and PA66_Res2, were assumed to be equal to the average heat capacity of
the PA66_Melt and PA66_Res3. The heat capacity values of all condensed phase
components are listed in Talie3. The heats of reactions, h, were fitted into the
correspondingegions of the DSC curve after all heat capacities were determined; the
values of h are listed together with the kinetic parameters in Eablédditional

details of the thermodynamic parameter determination process are provided in earlier

publicationg12,82,110,125and Appendix II.

Table5.1 Reaction model for all tested materials

Reaction

PA66° PAG66_Melt

PA66_MelP 0.83 PA66_Res1+0.17 PA66_Gasl

PA66_Res? 0.4 PA66_Res2+0.6 PA66_Gas2
PA66_Res2+PA66_ReS82.14 PA66_Res3+1.86 PA66_Gas3
RPO RP_Gas

PA66_Melt+0.03 RP 1.03 PA66_RP

PA66_RMP 0.04 PA66_RP_Res1+0.96 PA66_RP_Gasl
PA66_RP+0.02 RP0.49 PA66_RP_Res2+0.53 PA66_RP_G¢
PA66_RP_Re$20.21 PA66_RP_Rs8+0.79 PA66_RP_Gas3

© O N o g ~A W N | H

Table 5.2 Kinetic and thermodynamic parameters of reactions of the thermal
decomposition of PA66/GF/RP system (the positive heat values correspond to

endothermic processes)
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# A(stormikgls!) E (J moth) h (J kgh)
1 8t pm g Ypm wp pm
2 PpB® p Tt o pT Py p T
3 PP pT Gmpm 18 pm
4 W pT Cupm g pm
5 pB® p CXT pTt vd pt
6 p8t p T C8 wpTm 0

7 PR p T o8l ¢ p T e pT
3 PP p Pwpm op pT
9 pB® p T CP wpT Cd pT

Table5.3 Heat capacities of condenspblase components

Component ¢ (J kgt K% Component c (JkgtK?

PAG6 o1 ix®& ¢4 PA66_Res3 pXTT
GF TTCPR T 4 PA66_RP eomeTPp M4

RP vpnm® M4 PA66_RP_Resl pXTT
PA66 Melt o@pmiam4 PA66 RP_ResZ ppuaxdiu 4

PA66_Resl ppu wd v 4 PAG66_RP_Resz pPXTT
PA66 Res2 ppuvwhH v 4

The RP is known to sublime at 671[K27]. Therefore, Reaction (5) was added

to the reaction scheme (see Tablg) to represent this transitioubsequently, an

attempt was made to fit the PA66/GFR®1.5 TGA and DSC experimental data shown

in Figure 5.2 by adjusting e parameters of thisaetion. This fitting attempt was

unsuccessful because the magnitude of the MLR maximum increased significantly

(with respected to that produced by PA66/GF25 blend and showigume 5.1(a)),

while the amount of added RP (1.5} was close to negligibleThe position of the

maximum also shifted to a higher temperature (710 K), which was impossible to
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explan by the sublimation reactiofherefore, a reaction between PA66_Melt and RP,

Reaction (6), was added to the reaction sch@ee Table 5.1)

This Reaction(6) in Table 5.1lwas assumed to occur at a temperature below the
onset of the thermal decomposition of PA66 (630 K) and to conaumagority ofthe
PA66_Melt compondnin the PA66/GF28RP1.5 blend.These assumptions were
supported by the fact thateither the onset nor peak MLR associated with the
decomposition of PA66_Melt were evident in the BABF25RP1.5 experimental
data.Aside from converting PA66_Melt to a new condenpbdse component, this
reaction produced no heat or mass loss, as irdidat the experimental data shown in
Figure5.2. Itis possible that the reason why this reaction did not manifest itself directly
in the experimental data is because it took place during the material manufacturing

process as RP is known to be highly teaceven at relatively low temperatuif@27].

Subsequently, a reaction of decomposition of the product of the PA66_Melt and
RP interaction, Reaction (1) Table 5.1 was added and its kinetic parameters were
determined through fitting dhe main MLR peak observed for the PA66/GH2B1.5
blend. This new radion mechanism (Reactions-{) in Table 5.) was utilized to
predict the experimental data obtained for the PA66/@®26.0 blend and shown in
Figure5.3. The two MLR maxima (at 67ahd 730 K) observed for this material were
not successfully predicted by this reaction scheme even after the parameters of

Reaction (5) were varied in an attempt to fit the experimental data.
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Figure5.2 Experimental and simulated (a) TGA and (b) DSC data obtained for

PA66/GF25RP1.5 at 10 K mi
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Figure5.3 Experimental and simulated (a) TGA and (b) DSC data obtained for

PA66/GF25RP6.0 at 10 Knin'?

The sinplest explanation of this result is that, in the PA66/GRP%.0 blend,
the remaining RP, which is not consumed in the reaction with PA66_Melt, reacts with
the PA66_Melt and RP interaction product, PA66 RP, to produce a gaseous
component and condenspta® residue. This additional reaction, Reaction (8) in
Table 5.1, competes with Reaction (7) and, together with further decomposition
reaction, Reaction (9), create a dual peak MLR structure consistent the experimental

data shown ifrigure5.3(a).

The kineic parameters of Reactions (8), (9) andi(bYable 5.1were adjusted

to fit the experimental MLR aerved for the PA66/GF28P6.0.The variation in the
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parameters of the reaction representing sublimation of RP (Reaction (5)) was
constrained to keepthise act i on6s onset temperature equs:
point (671 K[127]). The heat capacity of RP was obtained from the literfl2g|.

The heat capacity of PA66_RP was calculated as the average of heatiesgdcit
PA66_Melt and RP weighted by the stoichiometric coefficients of ReactiamT&ple

5.1 The heat capacity of PA66_RP_Resl and PA66_RP_Res3 was assumed as the
average heat capacity of chars, 1780C + [46]. The heat capacity of the
intermediate condensgzhase product PA66_RP_Res2 was determined as the average
of heat capacities of PA66_RP and PA66_RP3Rekhe heats of Reactisrf59) in

Table 5.1were determined through fitting of the DSC data obtained for PA66/GF25
RP1.5 and PA66/GF2RP6.0 blendsThe kinetic and thermodynamic parameters of

these reactions can be found TahR2and5.3.

As indicated by theed solid linesin Figure5.2 and5.3, the developed reaction
model successfully predicts the TGA and DSC data for PA66/&H2RE5 and
PA66/GF25RP6.0 bleds. This model (Reactions-@) in Table 5.) also successfully
predicts the thermabf decomposition of PA66/GF253-or consistency, alinodel
predictions shown in FigureS.1-5.3 were generated using the same (complete)

reaction mechanism.

5.1.3Inverse Mbdelingof MCC Dataof PA66/GF/RPBlends

The heat of combustion of RP_Gas was computed using the oxygen consumption
method[128]. The heats of combustion of other volatiles were first estimated by

dividing theMCC experimental HRR data by the MLR computed in ThermaRis
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using the heating rate history specific to the M{1@]. Comparisons between the
experimental HRR and modeled MLR profiles revealed some discrepancies. The
experimental HRR curves had a tendency to be shifted to a lower temperatts& by 0
which was apparent because some portions of thex<urdecated heat release in the
absence of concurrent mass loss. The experimental HRR data were shifted to a higher
temperature to correct these discrepancies. The magnitude of the shift was determined

using the principle that any significant heat relaasgiired a concurrent mass loss.

A predicted HRR curve was subsequently generated by multiplying the rates of
produdion of each gaseous componengmputed using Thermak2bs by the
corresponding estimated value @f-hand adding these contributionshél' values of
hcom Were further refined until the predicted and experimental MCC data agreed within
the established criteria. The criteria were defined as differences of less than 5%
between the height of the experimental and modeled HRR maxima, lesskhan 8
between the positions of the HRR maxima and less than 8% between the final integral
HRR values. The results ofch are reported in Tablg.4. All hcom values are within
the rangep® w o) p mJ kg?, consistent with the hydrocarbon nature of these
gaseq129]. Figure5.6 shows the comparisons of the experimental and simulated MCC
data obtained for all the tested systems. Themodified and shifted experimental
data are less than 5K apart and therefore only the shifted experimental data are shown
to avoid congesbin. The model captures the experimental HRR and integral HRR of

the three materials very well.
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Figure5.4 Experimental and simulated MCC data for (a) PA66/GF25, (b)

PA66/GF25RP1.5, and (c) PA66/GF28P6.0at 10 Kmin™

Table5.4 Heats of combustion of gaseous decomposition products (here, the positive

heat values correspond to exothermic processes)

Component heom (J kg?) Component  heom (J kgb)

PA66_Gasl o®m p 1 PA66_RP_Gas. ¢ v p 1t

PA66_Gas2 ¢cq v pmm PA66_RP_Gas: o T p 11

PA66_Gas3 ¢t p 1 PAG66_RP_Gas: ¢c® Y p 1t
RP_Gas p®wopT

5.1.4Milligram-scaleModel Validationfor PA66/GF/RP Blends

The final reaction model (summarized inbl@5.1) has been formulated to
accuratelyreproduce TGA, DSCand MCC data of PA66/GF25, PA66/GFRP1.5
and PA66/GF28:P6.0 blendsTo validate the model, firsts abilityto predict thermal
decomposition dynamics of the same blends at lowerr(Bri) and higher (20 Knin
1 heating rates than those used in the model paesiraion process was examined.
A comparison of the experimental TGA data obtained at these heating rates (open
symbols) with model predictionsed solid lines) is shown inFigure 5.5. This
comparison indicates that this model successfully captures the impact of heating rate

on the rate of production gaseous species.
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Figure5.5 Experimental and simulated TGA data obtained for &#66 25,

PAB6/GF25RP1.5, PA66/GF2RP6.0 at (a) (b) (c) 5 K mitand (d) (e) (f)
20 K mint

Subsequently, an ability of the model to predict outcomes of TGA experiments
conducted on material compositions that differ from those used in the parameterization
process was tested. A comparison of the modeling predictions with experimental
results obtained for pure PAGBPA66/GF25RP3.0, PA66/GF2RP4.5, and
PA66/GF25RP9.0 materials is shown ifrigure 5.6. The model predicts all
experimental data well, with aopsible exception of pure PA66. The model
underpredicts the temperature of the PA66 MLR peak by 18 K. This discrepancy is
likely a consequence ofnigque behavior of this material the TGA tests. In these
tests, the material had a tendency to partr@igondense on the top lid of the crucible
thus creating a physical separation and associated temperature lag between the sample

and the sensor (located belahe bottom of the crucible)The rest of material
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compositions studied in this work (includind\&/GF25 blend) did not exhibit +e
condensationThe peak experimental MLR for the PA66/GHRP3.0 blend was also
somewhat underpredicted. However, the overall agreement was deemed acceptable
because the mass evolution trend, including the onset of nsssarid final residue

yield, was captured well.

] 0 kﬁ\ i T “[:L . i ::::11=1({(:(:i=11({(\\:(::iiﬂiiﬁﬁii-'\'-'ﬁﬁiii""."-_l (b) 4 3 ) OX l O-J

| © Experimental Mass | © Experimental Mass

08F L Exoeri ; 4 12.4x10°
xperimental MLR 8 Experimental MLR b
ﬁ06 = Model I Model 1 I.R)(]O‘} E
£ z
E041 PA66 1[ PA66/GF25-RP3.0 11.2x10°2
S w

{6.0x107"~"

0.2
0.0 prriEmmems o ' 0.0
Lo 13.0x10"
0.8 B
o Experimental MLR 12.4x10
Model .
2o ode I 118x10° 2
E : z
E04F PA66/GF25-RP4.5 [ PA66/GF25-RP9.0 [ b o 12x10°3
0.2 {6.0x10" =

0.0 "_..-,__::::::::- B e i i ) I":-__-_::-_-._ e G R :!:';-':.'"" ) l!'-'r:---s::.;:::s- 0.0

Figure5.6 Experimental and simulated TGA data obtained for (a) PA66, (b)

PA66/GF25RP3.0, (c) PA66/GF2RP4.5, and (d) PA66/GFZ8P9.0 at 10 K min

5.2 Bench-scale Results and Analysis

5.2.1 Overall Approach to Pyrolysis Model &velopmentfor PA66/GF/RP

Blends

The pyrolysis model development of PA66/GF/RP blends requires the
measurement of the kinetics and thermodynamics of thermal decomposition, heats of

comhustion of gaseous products, and thermal transport properties. The kinetics and
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thermodynamics of thermal decomposition and heats of combustion of gaseous
products have been parameterized through a manually iterative inverse analysis of
milligram-scale expemental data irSection 5.1 The resulting reaction model along

with the determined parametesuimmarized in Tables 53.4, are capable of
predicting TGA, DSC, and MCC dats a function of material compositions and
heating conditions. The thermal transpproperties were determined through an
inverse analysis of the benshale gasification experimental measurements. This
inverse analysis of benedtale results for the multiomponent blends consisted of four

steps.

In the first step, the sample thiclaseand4 data of pure PA66 at @0 71
were inversely analyzed to determine the thermal transport properties oftlR8&6
condensegbhase components participating in Reactiongl)(In Table 5.1 The
resulting thermal transport properties were validated against the corresponding MLR
data 4 60E 7i , which were not used in the parameterization procelsis
important to note that the temperature data at the lower heat flux, 30%Ware not
employed in the parameterization process bectugseesults were found to be poorly

reprodwible.

In the second step, the thermal transport properties of GFdearamined using
the sample thickness add data ofPA66/GF25 at 3G 7i  and 60E 71
The parameterization process relied on the thermal transport properties of PA66
determined in the first step. Initially, GF was modeled as a single component
throughout the test. However, it was determined that itimag®ssible to capture the

temperature profiles at both heat fluxes togating GF in such simple manner
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Therefore, & was assumed to evolveertically to PA66 decompositioshown as
Reaction (34) in Table 5.1 (GF © GF_Melt GF Melt © GF_Resl
GF_ResP GF_Res2GF_Res?2 GF_Res3). These reactions were assigned the same
Arrhenius parameters as Reactiongl{1They were also specified not to contribute to
mass loss or heat production/consumption. Their purpose was tmaémoevolution

of the interface between GF and decomposing PAG66; this interface was speculated to
have a significant impact on the heat transport process. The thermal transport properties

of GRbasedcomponents were subsequently obtained.

In the third step, the thermal transport parameters ofb@&ed components
participating in Reactions {B) in Table 5.1were determined through the inverse
analysis of sample thickness ahd data of PA66/GF2RP1.5 at 40 kW rdand 60
kW m2. The thermal trangpt parameters of RBased components participating in
Reactions (&) in Table 5..were determined and validated through the inverse analysis
of experimental measurements of PA66/GIRF%.0 at 40 kW rhand 60 kW rf. The
lower RP concentration blend, P{§&F25RP1.5, was not selected in parameterizing
the properties of components participating in Reactior® {8 Table 5.lbecause these
two reactions were inactive when the RP concentration is low. The parameterization
was further validated against thd.R data obtained for both Rébntaining blends. A
single pyrolysis model was developed based on the resulting material properties in
these three steps and previously determined reaction parafd@®@rsThis pyrolysis
model was capable of capturing the pyrolysis behavior of PA66, PA66/GF25,

PA66/GF25RP1.5, and PA66/GF2BP6.0.
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In the final step, the extrapolating capabilifytioe resulting model was further
examined through predicting experimental measurements obtained for two additional
blends with new compositions, PA66/GFRP4.5 and PA66/GRP9.0. The RP
concentration of PA66/GF28rP4.5wasin between the blends employked the model
development and PA66/GRP9.0had ahigherRP concentratiothan the calibration
blends. Additional simulations of an idealized cone calorimeter experiment were
conducted to understand the impact of red phosphorus on HRR data of a burning

sanple and thus evaluate its role in the fire performance of PA66/GF/RP blends.

5.2.2Pyrolysis Model Development for Pure PA66

Inverse analysis of the gasification experimental results of PA66 requires
knowledge of the optical properties (emidtsi and absrption coefficien} of all the
condensegbhase components participating in Reactiongl)(in Table 5.1. The
emissivity of PA66 was obtained from the study by Linteris efédl]. The sane
emissivity as PA66 was assigned to PA66_Melt assuming the melting process did not
affect the sample emissivitfhe emissivity of residual component, PA66_Res3, was
defined as 0.94. This value was determined experimentally by comparing the measured
back surface temperatures of various residue samples witthalhef the residue
surface coated with high emissivity paint (0.94) and the other uncoated residue. No
difference in the sample back surface temperature was identified between the painted
and unpaited halves. Therefore, the emissivity of the residual component was defined
to be the same as the paint emissivity, 0.BA66 Res2 and PA66_ Res3 were
producedwvithin a similar temperature range and thus PA66_Res2 was assumed to have

the same emissivity sa PA66_Res3. The emissivity of intermediate product
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(PA66_Resl) that represented the gradual transformation from PA66_ Melt to
PA66_Res2, was assumed to be equal to the averaged value of PA66_ Melt and

PAG6_Res2.

The absorption coefficient of PA66 was meaasu through the broadband
radiation absorption experiment descridadSection 3.1. The final residue was
observed to appear very optically dark and graphitic in nature. Therefore, the
absorption coefficient of thinal residuePA66_Res3was defined sfficiently high
(100 nf kg?) to ensure thato significant radiation was allowed to transmit through
the residue. The intermediate components, PA66_Melt, PA66_Resl, and PA66_Res2,
were the products of the consecutive reactions, describing the gradsalgbland
chemical transformation from the original component to the final decomposition
product. Therefore, the absorption coefficients of¢hatermediate components were
defined to be equally spanned betwdenualues of initial component (PA66) dithl
residue PA66_ResR It should be noted that the absorption coefficients reported in the
current study were normalized by the correspondargities. The resulting emissivity

and absorption coefficients are provided in Table 5.5.

Subsequently, thedensities of five condensgihase components, PAG66,
PAG66_Melt, PA66_Resl, PA66 Res2, and PA66_Res3, were defimapture the
observed experimentaample thicknessvolution The density of PA66 was measured
at room temperature. At 60 kWil wt. % ofresidue remained at the end of the test.

The densities of all the components were initially defined to be equal to PAG6.
Subsequently, the densities of PA66_Res1 and PA66_Res2 were refined based on the

experimental observations (no reduction in the sathgd&ness during the early stage
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of pyrolysis test).The density of PA66_Res3 was definedhb® equal to PA66
component taorrectly capture the final reduction of sample thickness. The resulting

densities are provided in Table 5.5.

Table 55 A full set of thermal transport properties of each condepbede

component.
Component m EC R [ EC E71 +
PAG6 1173 0.95 2 0.08+2 10*T
PAG6_Melt 1173 0.95 26.5 0.22
PA66 Resl 974 0.945 51 0.1
PA66_Res2 974 0.94 75.5 0.06
PA66_Res3 1173 0.94 100 0.06
GF 2600 0.81 1.6 0.36
GF_Melt 400 0.84 26.2 0.09
GF_Resl 2600 0.87 50.8 0.85
GF_Res2 510 0.91 75.4 0.85
GF_Res3 349 0.94 100 1 101973
RP 2000 0.95 30 0.06
PA66_RP 600 0.95 283 0.15
PA66_RP_Res. 65 0.94 100  -0.07 +8 1073
PA66_RP_Res: 350 0.94 100 0.13
PA66_RP_Res: 180 0.94 100 8 101073

Figure5.7 depicts the averaged experimental back surface temperdtiads (
dashed line) and MLR data (symbol) of pure PA66 exptseadiant fluxes at 60 kW
m. Shaded area corresponds to the maximum and minimum temperatures across the
sample surface from the repeated experiments. The error bars of MLR data were
computed as two standard deviations of the mean. The temperatuesywasfcropped

at the time when 70 wt. % of the sample was decomposed. This was done because the
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1D assumption was not valid after a majority of sample was consummedrd the end
of the experimentshe residudiad a tendency to agglomerate in the cenatirer than

remainas auniform layer.

The thermal conductivity, k, of these five condenphdse components were
determined through the inverse analysis of back surface temperature profile. It is worth
noting that the thermal conductivities are the amgdefined propertie§ he data of 0
- 100 s, 100- 150 s, andl50 - 200 sat 60 kW n?in Figure5.7(a) were inversely
modeled to determine the thermal conductivities of PA66, PA66_Melt, and
PAG66_Res]lrespectivelyThe data of 200 275 s at 60 kW riin Figure5.7(a) were
fitted to determine the thermal conductivity of PA66_Res2 and PA66 _Res3 that were
produced at a high temperatuffdne principle of the inverse fitting process is to keep
the smallestparameter set as possible while the agreement betivearxperimental
and modeled curves is within the experimental uncertainties on average. The resulting
thermal conductivities are reported in Table 5.5. The pyrolysis mthdgljncluded
thermal transport properties determined in this section and thBoregparameters
determined inSection 5.1.2 and summarized in Tabless®3 was employed to
produce the temperature profile obtained at 60 kW shown as theed solid line in

Figure5.7(a).

The developed pyrolysis model of pure PA66 was employegremlict the
experimental MLR data of pure PA66 obtained at 60 kW fihese MLR data were
not utilized in the inverse analysis model calibrafadservel as the model validation.
The predicted MLR data are shown ased solid line inFigure5.7(b). Themodel

predicts the experimental MLR profiles well with the exception of an abrupt MLR
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decrease to zero at the end. This is likely due to the invalid 1D assumption at the end
of the experiment when the residue agglomeratéke center rather than remairesd

auniform layer.
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Figureb5.7 Experimental and simulated (a) back surface temperatures and (b) MLR
data of pure PA66 exposed to radiant flux set at 60 k¥vShaded area corresponds
to the maximum and mimum experimental temperaturasross sample surface from

repeated tests

5.2.3Pyrolysis Model Development for PA66/GF25

The resulting material properties of pure PA66 in Section 5.2.2 remained
identical and were employed tharacterize the pyrolysisadel of PA66/GF25As
was discussed in Section 5.2.1, GF was assumed to evolve in the same maAGeér as
to account for the changes in thermal transport interaction between PA66 and GF
associated with PA66 decomposition. Therefore, the thermal transppsrfies of
GFbased componentsere estimated to capture the experimental measurements of

PAG6/GF25.
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The emissivity of GF waassumed to be the same as that in BB3ed system
(see Section 6.2.3The absorption coefficient of PA66/GF25 was measuratjuke
method described in Section 3.2.1. The absorption coefficient of GF was calculated by
subtracting the value of PA66 from the value of PA66/GF25 based on thei mass
weighted contributionsThe emissivity and absorption coefficient of final residual
component, GF_Res3, were defined as 0.94 and &g hin the same manner as the
final product of PA66 decomposition, PA66_Res3. The emissivity and absorption
coefficient of these intermediate components, GF_Melt, GF_Resl, and GF_Res2, were
defined to beequally spanned between the values of initial GF and GF_Hé&s3.

resulting emissivity and absorption coefficients are summarized in Table 5.5.

The density of PA66/GF25 was measured at room temperature. The density of
GF was determined by the known déymsof PA66 and mass compositioof
PAG66/GF25 The densities ofGF_Melt, GF_Resl, GF_Res2, and GF_Res3 were
determined tacapturethe observedsample thickness of PA66/GF25. The resulting

densitiesare summarized in Table 5.5.

Subsequently, the back suréstemperature datdf PA66/GF25 a80 kW m?and
60 kW m? in Figure 5.8 were inversely modeled to determine the thermal
conductivities of GFbased components. The thermal conductivities are the only
undefined parameters for characterizing the pyrolysi¥A&6/GF25. The temperature
data of 0- 250 s and 250500 s at 30 kW riin Figure5.8(a) were used to determine
thermal conductivities of GF and GF_Melt. The temperature data of 800 s and
800- 1350 s at 30 kW miwere used to determine the contivities of GF_Res1 and

GF_Res2. The temperature data of 4@D0 s at 60 kW i in Figure 5.8b) were
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employed to determine the thermal conductivity of GF_Res3 because GF_Res3 is the
dominant component. Due to the high porosity and temperature of ithes@sdiation

was assumed to be the dominant mode of heat transfer inside the residue. The radiation
diffusion approximatio{130] was used to describe the thermal cantighity of the

residual componentGR_Res3 with a thirdpower temperature dependence. The
resulting thermal conductivities were adjusted to fit the temperature data within the
experimental uncertainties at both heat fluxese simulated temperature ptef are

shown as theedsolid lines inFigure5.8.

i 30 kW m (a) | 700 L 60 kW m? (0) |
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Figure5.8 Experimental and simulated back surface temperatures of PA66/GF25
exposed to radiant fluxes set at (a) 30 kand (b) 60 kW n?. Shaded @a
corresponds to the maximum and minimum experimental temperatness the

sample surface from repeated tests

The pyrolysis model developed in the previous sections was employed and
validated against the MLR data of PA66/GF25 obtained at 30 KAlnth60 kW m?
that were not utilized in the model parametatian. Figure5.9shows the experimental
(symbols) and predictedblUe dotted lines) MLR data at both hdhixes. The MLR

peaksvereunderestimated by 25% and 45% at 30 kWwamd 60 kW rTt, respetively.
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An additional analysis was conducted to understand the cause of this poor agreement.
First, the temperature profiles and MLR data of pure PA6Eigure5.7 were well
captured, which indicated the accuracy of the reaction parameters and thamspairt
parameters of pure PA66. Secondhe twellcaptured temperaturgrofiles of
PA66/GF25 irFigure5.8indicated the accuracy of the thermal transport parameters of
GFbased componentdt is noted that the thermal conductivity definitions were
experinented and none of the attempts to redefine thermal conductivities lead to
improvement in the MLR predictiotherefore, the significantly underestimated MLR
data of PA66/GF25 ifrigure5.9 demonstrated that additional mass transport features

should be inalded.

According to the literature information, the wick effect or capillary action was
observed in the glass fiber reinforced polyn{66597,103] Wick effect of glass fiber
resulted in an accelerated flow of the molten polyn@an@the smooth and higgnergy
glass fiber surface to the top flame zd@&]. Due to the wick effect, the molten
polymer is transported from regions of higher concentration to regions of lower
concentration. The known wick effect of glass fiber is a possible explanation for the

underestimated MLR data.
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Figure5.9 Experimental and predicted MLR data of PA66/GF25 exposed to radiant

fluxes set at (a) 30 kW ¥and (b) 60 kW .

The existence of wick effect wasibsequentlgonfirmed through experimental
measurements. If the transpdoehavior exists during the gasification test of
PA66/GF25, the molten polymer will migrate from the bottom layer to the top layer
where the concentration of molten polymer is lower due to an earlier decomposition of
PAG66. Therefore, the concentratiortiog final residual component, PA66_Res3, in the
top layer of PA66/GF25 residue obtained from CAPA Il test at 60 kMfuily
decomposed) is expected to be higher than that of the fully decomposed virgin sample
without transportTo examine this hypothesithe concentrations of the final residual
componenfor both samplesvere estimated and compareddeterminethe presence
of the transport behavioFigure5.10details the threstep examination process and
results. The first stepas to obtain Sample A&om the top layer of virgin PA66/GF25
sample, and Sample B from the top layer (~ 1 mm) of PA66/GF25 residue after the
CAPA Il test at 60 kW M. The second stepas to heat Sample A and Sample B- (4
7 mg) upto 608 in. ata prescribed heating eadf 10 K mintin TGA tests. The
small sample mass and low heating rate allowed us to assume that the sample was
thermally thin (no significant concentration and temperature gradient inside the
sample). The second step was conducted to ensure that nophesavere fully
decomposed into final residual component, PA66_Res3. The thirdvasejo reheat
the residue of both samples after the second step up to GO@ir at a prescribed
heating rate of 10 K mih The change in the mass of the samples observed in the air

experiments was indicative of how much of the final residual component, PA66_Res3,
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each sample contained (unlike the glass fiber, PA66_ResdRiidlizes and volatilizes
when heated in the presence of oxygédime mass loss of Samplevias twice larger
than that of Sample A. Thisas because due to the wick exff, the molten polymer
migratedto the top layer where the PA66 decomposed earlietrendoncentration of
molten polymemas lower. This larger mass loss of Sample B confirmed the existence

of wick effect.

4 ™

( - . ~
Sl o omposed || [ iSO ] n (1 Ko e Tt
PA66/GF25 plates 2 5 P B

LK min~1 in TGA tests 5 wt.% mass loss

( Sample B from top layer of h ( Heat Sample B up to Repeat the TGA tests of the
PA66/GF25 residue obtained from |:> 873 Kin N, at 10 ::> residue of Sample B in air:
gasification tests at 60 kW m™2 K min~ in TGA tests ) 11 wt.% mass loss

Figure5.10 Threestep confirmation process of the existence of wick effect

Therefore the wick effect or transport behavior was included in the current
pyrolysis model. Both molten polymer and the first decomposition intermediate
product, PA66_Melt and PA66_Res1, were assumed to be capable of undergoing the
transport procesbecause of #ir apparent low viscosityThe transport rate was
characterized by a single mass transport coefficient. The value of the transport
coefficient was determined to be 380® m? s*throughinversely modeling the MLR
data of PA66/GF25 obtained at 30 kW2mAll other material properties remain
identical as in the previous model (without transport). The new transport model was
checkedagainst the MLR data of PA66/GF25 obtained at 60 kW Tine simulated
MLR profiles at both heat fluxes using the new transpadel are stwn as theed
solid lines inFigure 5.9. It captures the MLR peak at 30 kW?mvery well. The
prediction of the magnitude of MLR peak at 60 kW imimproved by 25%However,

89



the magnitude and temperature of MLR peak at 60 kfvane stillunderestimated.

The underestimations were likely due to fact that the transport behavior may also
depend on thdemperature gradients inside the samatel thus cannot be fully
characterized by a single transport coefficient. However, no more complesthg of
transport behavior was included to avoid further complicating theeehmecauséhe
increased dependence of transport behavior on the higher external heat flux was less
notable when flame retardant additive was added. The evidence of the less notable
depemlence is provided in Section 5.2%he new transport model was also employed

to simulate the back surface temperature profiles of PA66/GF25. No significant
difference was identified between the simulated temperature results calculated by the
model wth transport and the model without tsport. Theedsolid lines inFigure5.8
represent the simulated temperature profiles for both modils and without

transport

5.2.4 Pyrolysis Mdel Development for PA66/GF/RHdhds

Figure5.11 shows the back $ace temperature profiles of PA66/GFRP 1.5 at
40 and 60 kW m. The experimental results of lower RP concentration blend,
PAG66/GF25RP1.5, were used to parameterize the properties of component in
Reactions (57) in Table 5.1 They were not employed forections (8) in Table 5.1
because these two reactions were inactive when RP concentasolow. It was
assumed that RRomponenthad the same transport rate as PA66_Melt and
PAG66_Res1The rest of the RiBased components did not transpdlte emissiity of
RP was assumed to be the same as that of PA66 due to a small amount of RP in the

blend. The absorption coefficient of PA66/GFE1.5 was measured using the
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method explained in Secti@?2.1 The absorption coefficient of RP was calculated by
subtrating the values of PA66 and GF from the values of PA66/G¥25.5 based on

their masswveighted contributions. PA66_RP_Res1 was one of the final decomposition
products and thus its emissivity and absorption coefficient were defined to be 0.94 and
100 nt kg'in the same manner as the final residual component, PA66_Res3. The
emissivity and absorption coefficient of interaction product, PA66_RP, were assumed

to be the same as the averaged values of P¥6é& and RP.

The density of PA66/GF2RP1.5 was measuteat room temperature. The
density of RP was calculated based on the sample mass, material compafsition
PA66/GF25RP1.5 and densities of PA66 and GF. It was observed that at 40 KW m
the sample thickness of PA66/GFRP 1.5 had an increase of 2 mmbat €nd, and at
60 kW m?, the sample thickness remained unchanged throughout the test. The densities
of PA66_RP and PA66 RP_Resl were defined to capture the sample thickness

evolution. The resulting parameters are sunedrin Table 5.5

Figure 5.11 show the mean experimental back surface temperatures (dashed
line) of PA66/GF25RP1.5 at botd0 kW mi? and 60 kW m?. These temperature
profiles were employed to determine the only remaining undefined thermal
conductivities.The temperature datf 0 - 250 sand 250- 600 s at 40 kW riwere
used to determine the thermal conductivity of RP and PA66_RP. The temperature data
of 450- 800 s at 60 kW rmiwere used to determine the thermal conductivity of
PA66_RP_Resl since it was produced at a relatively higbetexture. Due to the high
porosity and temperature of the residue, radiation was assumed to be the dominant

mode of heat transfer inside the residue. The radiation diffusion approxirfidi@jn
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was used to describe the thermal conductivity of the residual component,
PA66_RP_Resl, with a thiugbwer temperature dependence. These resulting
conductivities were adjusted in order to fit both temperature profiles within the
expeimental uncertainties. The resulting paeters are summarized in Table.5 ke
simulated results are shown as thd solid lines inFigure5.11. The model captures

the profiles well except for a slight overestimation of temperature data from4&00

sat 40 kW n?.
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Figure5.11 Experimental and simulated back surface temperatures of PA66/GF25
RP1.5 exposed to radiant fluxes set at (a) 40 kf\and (b) 60 kW nif. Shaded area
corresponds to the maximumadminimum experimental temperatusesoss the

sample surface from repeated tests

The experimental results of PAGH#25RP6.0 were inversely modeled to
determine the properties of components in Reaction®) (&1 Table 5.1
PA66_RP_Res2 was a produgbreceding the final residual component,
PA66_RP_Res3. Therefore, the emissivity and absorption coefficient of
PA66_RP_Res2 and PA66_RP_Res3, vdefinedto be equal to those of other final

decomposition residue®,94 and 100 fkg?!. The sample thickness BIA66/GF25
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RP6.0 was increased by 3 mm at the end for both heat fluxes. The densities of
PA66_RP_Res2 and PA66_R®es3 were defined to capture tiisrease in sample

thickness. The resulting parameters are summarized e Bdb

Figure 5.12 shows theabk surface temperature profiles of PA66/GHR¥6.0 at
40 and 60 kW m. The temperature data of 80250 s at 40 kW rAwere used to
determine the thermal conductivity of PA66_RP_Res2. The temperature &&@-of
950 s ab0 kW ni?were used to deteiime the thermal conductivity of PA66_RP_Res3
since it is the dominant componewithin such a high temperature rangehese
resulting thermal conductivities were adjusted in order to fit both temperature profiles
within the experimental uncertainties. T¢imulated results are shown as tedsolid

lines inFigure5.12. The resulting thermal conductivities a¥parted in Table 5.5
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Figure5.12 Experimental and simulated back surface temperatures of PRB5/G
RP6.0 exposed to radiant fluxes set at (a) 40 kf\and (b) 60 kW rif. Shaded area
corresponds to the maximum and minimum experimental temperatiness the

sample surface from repeated tests
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Subsequently, the MLR data of bothé&nhtaining blendsbtained at 40 kW m
2and 60 kW rt, not utilized in the inverse analysis model calibration, were used to
further validate the properties determined in théxtion. Figure 5.13 shows the
experimental and predicted MLR data of PA66/GIRIBL.5 and PA66/GF2BP6.0 at
40 kW m? and 60 kW rf. When RP was added, the experimental MLR peaks at 60
kW m2were reduced compared to those of PA66/GF25. Additionally, as more RP was
added, a greater reduction in the MLR peak was obtained. The pyrolysis model
reasonablypredicts the MLR data of both blends at both heat fluxes except for an
underestimation in the magnitude and temperature of MLR peak of PAGG/IFERS
at the higler heat flux shown ikigure5.13b). Similar underestimation was observed
in the predictionsf theMLR data of PA66/GF25 iigure5.9b). The underestimation
was likely due to fact that the tramspbehavior may also depend on the temperature
gradients inside the sample, which is not captured by the model. The underestimation
was not present ahe high RP concentration, as indicated by Figure 5.13(d). This
observation indicates that, as was already discussed in Section 5.2.3, the addition of the

flame retardant reduces the impact of the wick effect athmegiing intensity
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Figure5.13 Experimental and predicted MLR data of (a) (b) PA66/GRPA..5 and

(c) (d) PA66/GF25RP6.0 exposed to radiant fluxes set at 40 kwWamd 60 kW rif.

5.2.5. Extapolation to New 8mpositions

The pyrolysis modethat was derived from previous sections was capable of
capturing the back surface temperature and MLR data of all four calibrated
PA66/GF/RP blends for any thermal exposure. In this section, the extrapolating
capability of the resultingnodel was validatk againstdata obtained for two blends
with new compositions, PA66/GFZ#P4.5 and PA66/GF2BP9.0. The RP

concentration of one blend lieth between and another oread a higher RP

concentratiorthan those of calibrated blends.

Figure5.14shows the expanental and predicted back surface temperature and
MLR data of these two blends at 45 kWPniNo significant difference was observed in
the experimental results fanetwo blends. It should be noted that these experimental
measurements were not employadhe model parameterization process. The model
predicts the experimental temperature data of both blends very well except for an

overestimation of the temperature data between-20ID s for PA66/GF2RP4.5.
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However, the model provides reasonable praiistconsidering the complexity of the

pyrolysis model and the blends.
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Figure5.14 Experimental and predicted  and MLR data of (a) (b) PA66/GF25

RP4.5 and (c) (d) PA66/GFZ8P9.0 exposed to raadit flux set at 45 kW m.

5.2.6. Impact of Flame Retardant Additive on HRR of Burning Blends

Additional simulations were conducted to understand the impact of the flame
retardant additive on the fire performance of the blends. HRR is a critical parémneter
assess the fire hazard of a material. Therefore, a simple 1D simulation that mimics the
cone calorimetry experiment was conducted. In the simulatidr) ap 1 m thick
sample was subjected to an external radiant heat flux of 50 KWiaident to the top
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sample surface. This heat flux represents the heat flux corresponding to surface heating
from small laminar flamefL31] up to fully involved room fire$132]. The heat flux

was constant throughout the entire simulation. The convectatddsses from the top
sample surface were neglected and the bottom sample surface employed adiabatic
boundary conditions. The simulation neglected the potential impact of sample surface
oxidation prior to ignition. Moreover, the additional heat flanovided by the flame

that formedon the sample surface upon ignition was also ignored in these simulations.
An idealistic scenario was simulated to eliminate the effect of imperfection of
experimental setup on evaluating the fire behavior of a materialntté that this

work is also capable of simulating more complex experimental scenarios. The
calculations were terminated when no additional mass loss was observed. The rates of
gaseous fuel production or MLR, of the burning sample were computed by
ThermaKn2Ds using the developed pyrolysis model. The product of the resulting
MLR and the complete heats of combustion of gaseous products obtained in MCC

[110] yielded the HRR of the burning sample.

A comparison of the simulated HRR profiles ffour blends with varied
compositions exposed to radiant heat flux set at 50 k¥srshown in Figure 5.15(a).
The incorportion of RP sigriicantly reducedhe magnitude of HRRnd the integral
HRR by about 38%and 12%on averageompared to that of PA66/GF2B is noted
that the pyrolysis model developed in this work underestimates the experimental MLR
peak of PA66/GF25 a0 kW ni? approximately by 20%, shown in Figure 5.9(b).
Therefore, it is expected that the role of RP in reducing the HRR and integral HRR is

more significant when the underestimations are elimin&igdire 5.15(aplsoshows
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that no significant differences theseHRR pofiles are identified with the RP
composition changing from 2.0 wt. % to 9.0 wt. %. Similar trend was observed in the
experimentalHRR data obtained from actual cone calorimeter tests. The actual
experimental data were not shown in the present work daeaafidential disclosure
agreement between BASF and University of Maryl@uaime previous studi¢80,133]

also showed thato furtherimprovement on HRR reduction washievedwhen the

RP concentratiomwas higher thaa certainvalue.

Figure 5.15(b) shows the correspondimgudated MLR profiles, which havie
similar trend as HRR profiles. The incorporation of RP reduces the magnitude of MLR
by about 30% on averag€he additional 8% reduction in HRéata compared to the
MLR data indicates that RP plays a role in the-gjaase fuel dilution. A parameter
sensitivity analysis demonstrates that the thermal transport properties-tudsR&®
components are primarily responsible for the observed reductibe MLRandHRR
data In other words, RP chemically reacts with PA66 and produces condghnasel
products that act as a thermal barrigte excess amount of RP vaporized instead of
interacting withPA66-based componentsvhich did not further affect ththermal
transport process and thusamditionalreduction was seen in the MladdHRR data.

It is worth noting that the ggshase flame inhibition effect of RI90,134]was not
considered as the heats of combustion were obtained from MCC wherein all volatiles
were forced to complete combustion. Additional work thto accounts for its
combustion efficiency impact is required to completely assess the role of RP in

i mproving a material s fire performance.
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Figure5.15 Simulated areanormalized (a) HRR and (b) MLBaa of PA66/GF25,
PA66/GF25RP2.0, PA66/GF2RP5.0, and PA66/GF2BP9.0 exposed to radiant

fluxes set at 50 kW

5.3 Summary

Chapter 5.1 outlinedn approach to develop a reaction model that predicted the
thermal decomposition behavior of a thermoplaskmded with a condensquhase
active flame retardant. This approach was based on TGA, DSC and MCC experiments
and inverse numerical modeling of their results. While the developed model does not
resolve chemical species involved in the decomposition pspgedoes capture all
essenti al aspects of ther mal decomposition
to sustain and grow fire. Moreover, through the introduction of-daraponent
reactions, tls model gaineda capability to provide accurate pretion of thermal
decomposition dynamics for a materdlany composition that consistefithe same

initial components (ithis case: PA66, RP and GF).

Chaoter 52 detaied a combined experimental and modeling methodotogy

develop a pyrolysis model f6?A66/GF/RPbased on the reaction model constructed
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in Chapter 51. The decomposition kinetics and thermodynamics obtained from
Chapter 51 served as a core subset of the model inpiis remaining required model
inputs that define mass and heat transpittiin the condenseghase were estimated
through inversely modeling thensultaneous measurements of MLR, , and
sample thickness obtained from CAPA Il experiments. The resulting single pyrolysis
model was capable of quantitatively relating therfinability behavior to material

composition.

The wick effect of glass fiber was revealed during theolysis model
construction and incorporated into the pyrolysis model to improve the accuracy of
MLR data predictions. The addition of RP reduced the midgrce of the wick effect
on the temperature gradients in the condempdede. The resulting new pyrolysis
model with the wick effect predicted the MLR profiles of all the tested blends at a heat

flux ranging from 30 to 60 kW rAwith an approximate err@f 15% on average.

Chaptei5.2 provideda quantification of the action of the flame retardant additive

(RP) on the fire behavior of a PA66/GF/RP blend and an understanding of the physical
and/or chemical phenomena responsible for its action. It was ceakcthat when the
gasphase combustion inhibition effect was excluded, the impact of RP on the HRR
was significant (38% reduction in theagnitude of HRR). The RBasedcomponents

are primarily responsible for the observed significant reduction in the H\RR.
significant difference in the HRR reduction was observed when the concentration of
RP changed from 2 wt.% to 9 wt.%. The RP appeared to provide no additional
improvements to the HRR when added in excess of 2 wt.% because the surplus RP

simply vaporizedwithout interacting with other components. The addition of RP
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reduced the magnitude of MLR data by only 30%, which indicated that RP also acted

through fuel dilution.
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Chapter6.Char acteri zation of PBT/ GF/

Bl ends

6.1 Milligram -scale Results and Analysis

6.1.1 Overall Approach to Reaction Model Developmentor

PBT/GF/DEPAL/MPP Blends

The development of a generalized reaction model for the PBT/GF/DEPAL/MPP
blends consisted of five steps. In the first step, a PBT decomposition model was derived
from the TGA ad DSC data obtained for the PBT/GF25 blend. The GF component

was assumed to be noplatile and chemically inert.

In the second step, an attempt was made to simulate the TGA and DSC data
obtained for the PBT/GF/DEPAL blends using a combination of the PBT
decomposition model and DEPAL decomposition model, which was based on
information available in the literatufd35]. Significant differences between these
simulations and experimental data were identified. These differences were tetérpre
as evidence of a chemical interaction between the polymer matrix and DEPAL. The
reaction parameters of this interaction were initially estimated through a fitting of the
TGA and DSC data obtained for PBT/GFREPAL8 (a blend with a low
concentration oDEPAL) and further adjusted by fitting of the data collected for
PBT/GF25DEPAL16 (a blend with a high concentration of DEPAL) until the best
compromise in representing both data sets was achieved. In the third step, the same

procedure was used to devebbpeaction mechanism for the PBT/GF/MPP blends.
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In the fourth step, the combined reaction model (including PBT, DEPAL, and
MPP decomposition, PBDEPAL and PBTMPP interactions) was employed to
simulate experimental MCC data for all blends used for thectim model
development (see Taltel). Heats of combustion of all gaseous products were derived
from these simulations. In the final step, the combined reaction model was validated
by testing its ability to predict TGA and DSC data at heating rategaandaterial

compositions not used in the model development process.

6.1.2 Inverse Modeling oTGA and DSC of PBT/GF25

The mean experimental results of TGA and DSC tests conducted on the
PBT/GF25 material are shown as symbolsFigure 6.1. Figure 6.1(a) $iows the
dependence of sample masslMLR normalized by the initial mass on temperature
Figure6.1(b) contains the initiadamplemass normalized heat flow and integral heat
flow as a function of temperature. The error bars were calculated from ther sfatt
the experimental data as two standard deviations of the mean (Error bars that are
comparable in size to the data symbols are omitted). The experimental MLR profile
contains a single peak at 680 K corresponding to the thermal decomposition process.
The decomposition produced 31.5 wt.% of residue including 25 wt.% of GF. The heat
flow curve contains two distinct maxima. The first (500 K) and second (680 K) maxima

represent melting and decomposition process, respectively.

Inverse modeling of the TGA andSC data was performed using teame
approach described in detail$®ction 5.1.20nly a brief description is provided here.
A single firstorder reaction was initially employed to model the TGA data. The

stoichiometric coefficients of this reaction wenitially set to capture the residue yield
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observed in the TGA experiments. The Arrhenius parameters of this reaction were
initially estimated using analytical expressiqti86] relating these parameters to the
temperaturerad height of the targeted MLR peak. Subsequently, these parameters were
refined through a manually iterative process using Thern2idSmintil the modeling

results were found to be in agreement with the experimental @iata.reaction
parameter manipulatiowas based on the following observations: an aseein the
activation energghifted the MLR curve to a higher temperature and reduced the height
of the peak; an increasetime preexponential factoshifted the MLR curve to a lower
temperature and ineased the height of the peak. The agreement was declared to be
satisfactory when the 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%, respeively. If it was impossible to achieve such agreement,

an additional reaction was added to the reaction scheme and its parameters were

adjusted iteratively to achieve further improvement.
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Figure6.1 Expeimental and simulated (a) TGA and (b) DSC data obtained for

PBT/GF25 at 10 K mity

In the case of PBT/GF25, two mgecutive reactions, Reactions-3@ were

required to accurately capture the initial rise, maximum and final decay of the MLR.
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These reactias are defined in Tablg. 1 The component names used in the reaction
definitions are selexplanatory. The reaction contributions to MLR profiles are

depicted inFigure6.1; their parameters are summarized in Tébke

Table6.1 Reaction mechanism for all tineaterial 8 examined in this study.

Model Reaction Equation
PBTO PBT_Melt
PBT_Melt® 0.84 PBT_Resl + 0.16 PBT_Gas1

#
1
2
3 PBT_ResP 0.12 PBT_Res2 + 0.88 PBT_Gas?2
4
5

PBT

DEPAL© 0.07 DEPAL_Res1 + 0.93 DEPAL_Gasl

PBT_Melt + 3.6 DEPALC 2.0 PBT_DEPAL_Resl + 2.6
PBT_DEPAL_Gasl

MPP© 0.4 MPP_Resl + 0.6 MPP_Gas1

PBT_Resl + 0.04 MPP 0.92 PBT_MPP_Res1 + 0.12 PBT_MPP_Gas]
PBT_MPP_Res® 0.07 PBT_MPP_Res2 + 0.93 PBT_MPRs3

PBT&DEPAL

PBT&MPP

\‘

Table 6.2 Kinetics and thermodynamics of melting and decomposition reactions

(positive heats of reaction, h, correspond to endothermic processes).

# A(stormPkgls!) E (@ mol) h(Jkgh

1 ¢8t pr I&impm @8t p T
2 ¢qt pm o8 ppmm pg&8 pT
3 g pTm CBTPT 0P pTI
4 p8t p T CBrw pT L1

5 ¢t pm oPpwpm ¢& pT
6 @ pm GQYpm @ pm
7 ¢qt pm Cmpm p& pTI
8 ® pm X pm T8 pm

The heat flow data were analyzed by first focusing on the regions not associated
with melting or decomposition. The data corresponding to these regions were divided
by the instantaneous heating rate and fitted with lineactifums representing heat

capacitiesof the corresponding condensphlase components. The heat flow data
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between 313 and 460 K and 510 and 590 K were used to determine the heat capacity
of PBT and PBT_Melt, respectively. The heat capacity of GF was obthoradhe
literature[126]. The heat capacity of PBT_Res2 was impossible to resolve due to its
small yidd. Therefore, its heat capacity was assumed to be equal to the average heat
capacity of chars produced by several common polymers, 17001K@6]. The heat
capacity of the intermediate condengdthse product (PBT_Resl1) was assumed to be
equal to the average heat capacity of the PBT_Melt and PBT_Res2. All heat capacity

values are listed in Tab&3.

The sensible heat flow baseline was subsatiy calculated as a product of the
mass fractions of condensptlase components, whose temporal evolution was
computed by ThermaKRDs corresponding heat capacities and instantaneous heating
rate. The baseline obtained for the PBT/GF25 is shown aga dotted line ifrigure
6.1(b). Subtraction of this baseline from the normalized experimental heat flow and
subsequent integration of the differences yielded the values of the heat of medting
heats of decomposition, h. React{dh(see Tablé&.1) wasadded to the mechanism to
simulate the melting process. The kinetics of this reaction and béanelting and
decomposition were refined until the overall heat flow curve simulated using
ThermaKir2Ds was in agreement with the experimental data. Thiseageat was
defined by the simulated heat flow maxima within 10%, temperatures of the maxima
within 8 K, and the final integral heat flow value within 5% of the corresponding
experimental data. The results of this exercise are shokigune6.1(b). The hets of

melting and decomposition reactions are listed in Télde

Table6.3 Heat capacities of condenspbase components.
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Component ¢ (J kgt K™ Component c (J kgt K?
PBT VLCTUH T 4 DEPAL Resl pXTT
PBT Melt ¢pmnm® m4 PBT_DEPAL Resl pXTT

PBT _Resl pwmnmd 1 4 MPP WOTTE T 4
PBT_Res2 PXTT MPP_Resl1 PXTT

GF TTCPR T 4 PBT MPP_Resl pwnm® 1 4
DEPAL ¢cxuvtmp@ 4 PBT_MPP_Res2 p X TT

6.1.3 Inverse Modeling of TGA and DSC Data for PBT/GF/DEPRBIends

Figure 6.2 displays the mean experimentasults of TGA ad DSC tests on

PBT/GF25DEPAL8 and PBTGF25DEPAL16 material systems.With the
introduction of DEPAL, the MLR profiles gain an additional, barely discernable peak

at 765 K. This peak becomes somewhate evident as the concentration of DEPAL

increases to 16 wt.%.
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Figure6.2 Experimental and simulated TGA and DSC data obtained for (a) (b)

PBT/GF25DEPALS and (c) (d) PBT/GF2BEPAL16 at 10 K mirt
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Duquese et al.[135] investigated the decomposition of pure DEPAL using
TGA, which was conducted in nitrogen at a heating rate of 10 K.rfitmey found that
DEPAL decomposed at about 750 K through a single step and produced 7 wt.% of final
residue. Given a similarity between the position of the second MLR peak observed in
this study and that of pure DEPAL, this second peak was attributed to DEPAL
decomposition. Reactioid) (see Table 6.1) was added to the mechanism to represent
this processThe stoichiometric coefficients of this reaction were determined from
Duquesne et al. results; the kinetic parameters were estimated based on the second

MLR peak (765 K) observed in the current experiments.

The results of addition of Reacti@d) to the mechanism are shown as green
dashed lines ifrigure6.2(a) and 6.2(c). These simulations significantly overestimate
the size of the second MLR peak for both blends indicating that some DEPAL is
consumed in a reaction with the polymer matrix prior to rewgits decomposition
temperature. To account for this interaction, a reaction between PBT_Melt and
DEPAL, Reactior(5) (see Table 6.1), was added to the mechanism. The stoichiometry
and kinetics of this reéion were adjusted to correcthgproduce the exgrimental
MLR peaks observed for the PBT/GFREPAL8 and PBT/GF2DEPAL16 blends.

The final inverse modeling results using Reactidns) (see Table 6.1are shown in
Figure6.2(a) and 6.2(c) as red solid lines; the reaction parasate summarized in
Table 6.2.The first simulated MLR peak is still primarily associated with the
decomposition oPBT_Melt, only a relatively small fraction of which is consumed in
the reaction with DEPAL.The second simulated peak is associated with the

decomposition of thportion of DEPAL that did not react withBT_Melt.
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The experimental heat flow data obtained for PBT/GBEFAL8 and
PBT/GF25DEPALL16 in the temperature range between 313 and 460 K were used to
determine the heat capacity of DEPAL. The sensible heat lootitms of PBT and GF
were subtracted from the heat flow data t
capacities of DEPAL_Resl and PBT_DEPAL_Resl components could not be
determined from the heat flow data due to their small yields and, therefore, were
assuned to be equal to the average heat capacity of chars produced by several common
polymers, 1700 J kbK [46]. The heats of Reactiqd) and(5) (see Table 6.1\vere
subsequently determined by fitting the heat flow data for both blends. These final heat
flow modeling resultshat agree with experimental results within the criteria defined
in Section 6.1.2are shown irFigure6.2(b) and 6.2(d). Thealues of heat capacities

and heats of reaction are reported in Table 6.3 and 6.2, respectively.

6.1.4 Inverse Modeling of TGA and DSC Data for PBT/GF/MBIEnds

The mean experimental results of TGA and DSC tests of PBTAEFEF and
PBT/GF25MPP8 blendsare shown as symbols Figure6.3. With the incorporation
of MPP into the GHeinforced PBT, the main MLR peak increases in height (by 20%
upon addition of 4 wt.% of MPP) and becomes considerably more narrow in
temperatureThe char yield was not affectéy the addition of MPPAN attempt was
made to capture this behavior by adding a reaction of decomposition of MPP, Reaction
(6) (see Table 6.1), to the mechanism. This reaction was parameterized by matching
the final residue yield and temperature of th@intMLR peak observed in the TGA
experiments conducted in this work on pure MPP. However, as indicated by green

dashed lines inFigure 6.3(a) and 6.3(c), the resulting model (no interaction)
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significantly underestimated the heights of the main MLR pedlesjnitial rise and

final decay of the MLR curves were not captured. Also, the final residue yields were
underestimated by about 5%. It was further deduced that it is the reaction of
decomposition ofPBT_Resl (Reactiof3)) that was primarily responsiblerf the
observed discrepancies. Therefore, a reaction between PBT_Resl and MPP, Reaction
(7) (see Table 6.1)was added to the model to compete with Rea¢8priinally, one

more consecutive reaction, Reacti(8) (see Table 6.1)was added to accurately
capture the final decay of the MLR peaks observed for both bldingse inverse
modeling results using Reactiofis3) and(6-8) are shown irFigure6.3(a) and 6.3(c)

as red lines. The kinetic parameters of these additional reactions are summarized in

Tabe 6.2.
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Figure6.3 Experimental and simulated TGA and DSC data obtained for (a) (b)

PBT/GF25MPP4 and (c) (d) PBT/GF28IPP8 at 10 K mirt
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The heat capacity of MPP was obtained in the same way as the paeitycaf
DEPAL (see Section 6.3). The heat capacities of MPP_Res1 and PBT_MPP_Res2
could not be resolved andere assumed to be equal to the average heat capacity of
chars produced by several common polymers, 1700 KKg46]. The heat capacity
of PBT_MPP_Resl was taken as the average heat capacity of PBT_Melt and
PBT_MPP_Res2The heats of Reactio(6-8) (see Table 6.1ere subsequently
deternined by fitting the heat flow data for both blends. The final heat flow modeling
results are shown iRigure6.3(b) and 6.3(d). The values of heat capacities and heats

of reaction are reported in Table 6.3 and 6.2, respectively.

6.1.5 Inverse Modeling of NLC Dataof PBT/GF/DEPAL/MPP Blends

The mean experimental HRR normalized by the initial sample mass and the
integral HRR for PBT/GF25, PBT/GFABEPAL8, PBT/GF25DEPAL16,
PBT/GF25MPP4 and PBT/GF28VIPP8 blends are shown as symbolsigure6.4.

Initial comparisons between the experimental HRR and modeled MLR profiles
generated using the heating rate temporal profiles specific to the MCC experiments
revealed minor discrepancies that were attributed to sample/sensor temperature non
uniformities present in thlCC and associated with the use of open ceramic crucibles.
To correct for these nemniformities, the experimental HRR curves were shifted to a
higher temperature by E0 K using the guiding principle that any detected heat release
required a concurrentamss loss. The experimental data present&igure6.4 are the
shifted data; the original data are not presented because they are nearly

indistinguishable from the shifted results.
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Figure6.4 Experimentabnd simulated MCC data obtained for (a) PBT/GF25, (b)
PBT/GF25DEPALS, (c) PBT/GF25DEPAL16, (d) PBT/GF28MPP4 and (e)
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The heats of combustion of all gaseous products were first set to a single value
that yielded the final inteagl HRR equal to that observed in the experiments.
Subsequently, individuald values were adjusted up or down to capture the shapes
of the experimental HRR peaks. As in the case of inverse modeling of TGA and DSC
experiments, the iterative process conéid until the differences between the modeled
and experimental data satisfied specific criteria. These criteria were defined as
differences of less than 8% between the values of HRR maxima, less than 10 K between
the temperatures of the maxima and lesntB% between the final integral HRR
values. The resulting heats of combustion that satisfy these criteria are given in Table

6.4. All heom values are within the ranga o p mJ kg?, consistent with the
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hydrocarbon nature of these gagE29]. The final simulaté MCC results are shown

in Figure6.4.

Table6.4 Heats of combustion of gaseous products

Component heom (J kg?)  Component heom (J kg?)
PBT_Gasl c® pm PBT DEPAL Gasl c& pm
PBT_Gas2 ¢® pm MPP_Gasl Py p

DEPAL_Gasl ™ pmn PBT_MPP_Gasl oy pT
PBT_MPP_Gas2 ¢® pTm

6.1.6 Model Performance at Different Heating Rates

The reaction mechanism shown in Table 6.1 and corresponding parameters
reported in Tables 6-8.4 reproduce TGA, BC, and MCC data collected at a nominal
heating rate of 10 K mihfor PBT/GF25, PBT/GF2DEPALS, PBT/GF25DEPAL16,
PBT/GF25MPP4 and PBT/GF28MPP8 blends with the accuracy defined by the
criteria discussed in Section 6.1.2 and 6.1.5. To further valideteeaction model,
the mean experimental TGA data obtained at lower, 5 Kpgis well as higher, 20 K
min!, heating rates on the same blends were compared with the corresponding
predictions. This comparison is summarize@igure6.5; no MLR data areshown on
this figure to avoid congestion. Overall, good predictions were obtained for all blends
and heating conditits. The model slightly (by -%0 K) underestimates the
temperatures of the onset of the experimental mass loss at 20 aniall blends
perhaps, due to some minor raniformities in the sample/sensor temperature arising
at this heating rate (and not corrected for by the STA temperature sensor calibration,

which was carried out at 10 K mih
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Figure6.5 Experimental and simulated TGA data obtained for (a) PBT/GF25, (b)
PBT/GF25DEPALS, (c) PBT/GF25DEPAL16, (d) PBT/GF28MPP4 and (e)
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6.1.7Modeling of Different Material Compositions

To validate the model assumption that GF acts as an inert additive, TGA and
DSC experiments were performed on pure PBT samples. The results of these
experiments are compared with the model predictiofsgare6.6. The experimental
TGA data are in nearly perfeagreement with the model. The experimental heat flow
is slightly underpredicted toward the end of the experiment. This discrepancy is likely
to be associated with the uncertainties in the high temperature portion of the
experimental heat flow baseline, mh may not have been completely resolved in the
five STA runs from which these data were derived (ten STA runs were used to generate

all model calibration data).
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Figure6.6 Experimental and simulated (&5A and (b) DSC data obtained for pure

PBT at 10 K mint

Finally, the predictions of the reaction model were compared with the
experimental results obtained for material blendsta@ining both flame retardants
(PBT/GF25DEPAL8-MPP4 and PBT/GF2BDEPAL16MPP8). This comparison is
shown inFigure6.7. The model captures all TGA and DSC experimental data well,
with a possible exception of a slight overprediction of the maximum heat flows. In
addition to validating the model, this comparison indicates absensegmficant
interactions between DEPAL and MPP additives. The same conclusion was reached by
Samyn and Bourbigot who studied the thermal decomposition of DENPRAR blends

[107].
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6.2 Benchscale Results and Analysis

6.2.1 Overall Approach to Pyrolysis Model [Bvelopment for

PBT/GF/DEPAL/MPP Blends

The pyrolysis model development of PBT/GF/DEPAL/MPP bterequires the
measurement of the kinetics and thermodynamics of thermal decomposition, heats of
combustion of gaseous products, and thermal transport properties. The kinetics and
thermodynamics of thermal decomposition and heats of combustion of gaseous
products have been parameterized through a manually iterative inverse analysis of
milligram-scale experimental data 8ection 6.1The resulting reaction model along
with the determined parameters summarized in Tablds5.4, are capable of

predicting TG\, DSC, and MCC data of pyrolyzing blends as a function of material
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compositions and heating conditions. The thermal transport properties were determined
through an inverse analysis of the beschle gasification experimental results. The
inverse analysiprocess for the pyrolyzing mwtiomponent flame retardant blends

consisted of five steps.

The first step is to parameterize the pyrolysis model of pure PBT. The sample
thickness andt  data of pure PBT at both 371 and 60E 71  were
inversely analyzed to determine the thermal transport properties ofb&&0
condensegbhase components participating in Reactions3)(in Table 6.1 The
resulting thermal transport properties were validated against the corresponding MLR
data that were natsed in the parameterization process. In the second step, the thermal
transport properties of GF were estimated using the sample thickneés angata of
PBT/GF25at 3@ 7i and60E 71 . The parameterization process in the second
step relied on the thermal transport properties of PBT determined in the first step.
Initially, GF was modeled as a single component throughout the test. However, it is
impossible to capturithe temperature profiles at both heat fluxegrégting GF in such
a simple manneilt is expected that when PBT melts and decomposes, the interface
between PBibased components and GF changes. Therefore, GF was assumed to
evolve(GF° GF_Melt GF_MeP GF_Rel, GF_Res1 GF_Res2)dentically to PBT
decomposition (Reactions-(B) in Table 6.). The same Arrhenius parameters as
Reactions (43) in Table 6.1were assigned tGF evolution no mass loss and no heat
of reactions were assigned. It should be notedthigaincorporation of these reactions
does not mean that GF is chemically reactive. The main purpose is to enable a flexible

characterization of the effective physical interaction between PBT and GF during the
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pyrolysis processThe GF in the PA66/GF25 g¢sn was treated in the same manner.
The thermal transport properties efolved GF-based components were determined

and validated in a similar manner as the first step.

In the third step, the thermal transport parameters of DER#Sed components
participating in Reactions (&) in Table 6.1were determined through the inverse
analysis of sample thickness ahd data of PBT/GF2DEPAL16 (a higher DEPAL
concentration blend) at 30 kW-%mand 60 kW rif. The resulting properties were
validated against &4 data of a lower DEPAL concentration blend, PBT/GF25
DEPALS, as well as the MLR data of both DEP-&@ntaining blends at both heat
fluxes. In the fourth step, similar to the DEP#bantaining blends, the thermal
transport parameters of MARRsedcomponents participating in Reactions§pin
Table 6.1were determined and validated through the inverse analysis of experimental
measurements of two MPR#dntaining blends. In the final step, the extrapolating
capability of the resulting model based onth# parameters determined in previous
steps was examined through predicting experimental measurements obtained for two
additional blends with new compositions, PBT/GH25PAL8-MPP4 and PBT/GF25
DEPAL16-MPP8. In addition, simulations of an idealized coal®gmeter experiment
were conducted to understand the impact of two additives, DEPAL and MPP, on HRR
data of a burning material and thus evaluate it role in the fire performance of

PBT/GF/DEPAL/MPP blends.

6.2.2 Pyrolysis Model Development for Pure PBT

Themelting and decompositiqgrocessesf PBT are characterized by Reactions
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(1-3) in Table 6.1 The pyrolysis model development of PBT requires the knowledge

of these reaction parameters and the thermal transport properties (emissivity,
absorption coeffient, density, and thermal conductivity) of the condefsease
components participating in these reactions. The wagharameters have been
obtained in Section 6.1.2 and summarized iblds 6.16.3. The optical properties
(emissivity and absorption cffieient) were first parameterized. The emissivity of PBT

was assumed to be the same as the average total emissivity of PBT that was calculated
from the spectral reflectance measured with the NIST Integrapihgre device at a
source temperature of 1081k Linteris et al[62]. The same emissivity as PBT was
assigned to PBT_Melt and PBT_Resl by assuming the melting process and first
decomposition reaction did not affect the emissivitlye Emissivity of final residual
component, PBT _Res 2, was defined as 0.94. This value was determined
experimentally by comparing the measured back surface temperatures of various
residue samples with of@lf of the residue surface coated with high emigspaint

(0.94) and the other uncoated residue. No difference in the sample back surface
temperature was identified between the painted and unpainted halves. Therefore, the
emissivity of the residual component was defined to be the same as the painttgmiss

0.94.

The absorption coefficient of PBT was obtained from the study by Linteris et al.
[62]. The absorption coefficient of PBT was determined as 372&itma thickness
where 80% bthe energy was absorbed at a source temperature of 1081 K. It is noted
that the absorption coefficients provided in the current study were normalized by the

corresponding densities. PBT_Melt was assumed to have the same absorption
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coefficient as PBT. Thénal residue was observed to appear very optically dark and
graphitic in nature. Therefore, the absorption coefficient of PBT_Res2 was defined as
100 ntkg? to ensure that no significant radiation was allowed to transmit through the
residue The absorpon coefficient of intermediate product (PBT_Res1) that described
the gradual transformation from PBT_Melt and PBT_Res2 was determined to be equal
to the averaged value of PBT_Melt and PBT_Res2. The resulting emissivity and

absorption coefficients are piided in Table &.

Subsequently, the densitie§ condensegbhase component®BT, BT_Melt,
PBT_Resl, and PBT_Res&re defined to capture the sample thickness evolution.
The density of PBT was measured at room temperature. At 60 ¥\ha sample
thickness decreased to almost zero at the end. The densities of PBT_Melt, PBT_Resl,
and PBT_Res2 were defined based orettpeerimental observatidhatthe sample did
not change in thickness until late stages of gasification fBisésresulting densities of

these components are provided in Tabf 6

Table 6.5 A full set of thermal transport properties of each condepsede

component.
Component mE ¢ R [ I EC E71 +
PBT 1333 0.88 2.8 0.12
PBT_Melt 1333 0.88 2.8 0.23
PBT_Resl 1120 0.88 514 0.1+1.2 10T
PBT_Res2 1333 0.94 100 0.18
GF 2518 0.81 6.4 0.70
GF_Melt 2518 0.81 6.4 0.03
GF_Resl 2518 0.88 53.2 0.06
GF_Res2 413 0.94 100 0.15
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DEPAL 1570 0.88 2.8 0.40

DEPAL_Resl 2566 0.94 100 1 10073
PBT_DEPAL_Resl 1511 0.94 100 1 10°T3
MPP/MPP* 2188/200 0.88 2.8 0.16
MPP_Resl 2188 0.94 100 0.16
PBT_MPP_Resl 200 091 51.4 1.4 10°T

PBT_MPP_Res2 53 0.94 100 0.1+2.7 1010713

Figure 6.8 depicts the mean experimental back surface temperatolask (
dashed lines) of pure PBT exposed to radiant heat fluxes at both 30%lendns0 kW
m2. Shaded area corresponds to the maximum and minimum experimental
temperatues across the sample surface from the repeated experiments. Both
temperature profiles were cropped at the time when 70 wt.% of the sample was
decomposed. This was done because the 1D assumption was not valid after a majority
of sample was consumed. Theideg agglomeratenh the center rather than remained

as auniform layer.

The thermal conductivities of these four conderglealse components were the
only remaining undefined parameters in the development of pyrolysis model. Inverse
analysis of back surte temperature profiles Figure6.8was conducted to determine
these thermal conductivitieShe first 150 s of experimental temperature profile at 30
kW m2in Figure6.8(a) was inversely modeled to determine the thermal conductivity
of PBT componentThe initial rise of thel  curve was chosen as the target for the
virgin component because PBT was the only component that affectéd theurve
early in the test. The thermal conductivities of the intermediate components,
PBT_Melt, andPBT_Res] were defined through the inverse analysis of4the

profile of 150- 300 s anB00- 690 s obtained &0 kW m?. The data at the lower heat
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flux were chosen as the parameterization target because the distinct modeled
components are more easilyleted in these data than in the data collected at the higher
heat flux.The data of 150230 s at 60 kW min Figure6.8(b), where the sample was
almost fully decomposed, were fitted to determine the thermal conductivity of the final
residual componenEBT_Res2. The remaining data at the higher heat flux were used
to adjust the initially determined conductivitias capture both temperature profiles.
The principle of the inverse analysis process is to keep the simplest parameter set as
possible while thegreement between the experimental and modeled curves is within
the experimental uncertainties. The resulting thermal conductivities are reported in
Table 65. The pyrolysis modethat included thermal transport properties determined

in this section anthe reaction parameters determine&eattion 6.1.2was employed

to simulate the temperature profiles obtained at 30 and 60 ¥\¢mown asedsolid

lines inFigure6.8.

700+ 30 kW‘m’z @ 4 60 kW m”* (b)
......... 800 | |
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--------- Kempel et al. Model A

- — —Experiments
Model
e Kempel et al, Model A

| PBT

PBT

0 100 200 300 400 500 600 0 50 100 150 200
Time (s) Time (s)

Figure6.8 Experimental andiswulated back surface temperatures of pure PBT
exposed to radiant fluxes set at (a) 30 kand (b) 60 kW . Shaded area

corresponds to the maximum and minimum experimental temperatures across the
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sampe surface from repeated tests. Blotted lines epresent the modeling results of

Model A obtained from the study by Kempel et 9].

Thedeveloped pyrolysis model of PBT based on the resulting propertiles in
sectionwas validated against the experimental MLR data of PBT obtained at 30 kW m
2and 60 kW rtf, shown inFigure6.9. It is worth noting that the MLR data were not
utilized in the inverse analysis model calibratioRigure 6.9 shows the mean
experimental (symbols) and predicteddsolid lines) MLR data at both heat fluxes.

The error bars of MLR data were computed as two standard deviations of the mean. 2
wt.% and 15 wt.% residis remained at the end of the 30 kWand 60 kW rtests,
respectively. The model predicts the experimental MLR profiles well at both heat
fluxes with the exception of an abrupt MLR decrease to zero at the end of the 60 kW
m. This is likely due to th@valid 1D assumption at the end of the experiment when

the residue agglomerat@tthe centemstead of spreading out as a uniform layer.

The predictions of temperature and MLR data of pure PBT using a pyrolysis
Model A developed bempel et al[39] are also included dslue dotted lines in
Figures6.8 and 6.9. This model captures the initiase of MLR curves at both heat
fluxes very well. However, this model consistently epezdicts thet data and
MLR peaks at both heat fluxes. The materials from different manufacturers used in

these two studies may contribute to the overestimatio
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Figure6.9 Experimental and predicted MLR data of pure PBT exposed to radiant
fluxes set at (a) 30 kW ¥and (b) 60 kW 3. Blue dbtted lines represent the

modeling results of Model A obtained frofretstudy by Kempel et dB9].

6.2.3 Pyrolysis Model Development for PBT/GF25

In the modeparameterization of PBT/GF25, the resulting material properties of
pure PBT in Section 6.2.2 remained identical and the additional properties of GF were
determined. As discussed in Secttbf1, GFwas assumed to elve (GF° GF_Melt,
GF_MeP GF_Resl, GF_Re8IGF Res2)n the same manner as PBYaccount for
the changes in the thermal transport interaction between PBT and GF during the PBT
decompositionTherefore, the thermal transport properties oflfased components

were efimated to capture the experimental measurements of PBT/GF25.

The emissivity and absorption coefficient of PBT/GF25 were obtained from a
study by Linteris et al[62]. The emissivity andbsorption coefficient of GF were
calculated by subtracting the values of PBT from the values of PBT/GF25 based on
their volume and massveighted contributions, respectively. The emissivity and

absorption coefficient of GF_Melt were assumed to be the sanbose of virgin
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component, GF. The emissivity and absorption coefficient of final residue, GF_Res2,
were defined as 0.94 and 108 kg in the same manner as the final residue of PBT
decomposition, PBT_Res2. The emissivity and absorption coefficfe@FoRes1

were assumed to be the averaged values of GF_Melt and GF_Res_2. The density of
PBT/GF25 was measured at room temperature. The density of GF was determined
based on the known densities of PBT and PBT/GF25, and mass composition of
PBT/GF25. The desities of the GF_Melt, GF_Res1, and GF_Res2 were determined
to capture the approximately constant sample thickness. The resulting parameters are

summarized in Table 6.5.

Figure 6.10 shows the mean experimental back surface temperahlaek (
dashed lingsof PBT/GF25 at 30 kW rhand 60 kW rif. When the GF (chemically
inert) was added into PBT, tde  data were significantly reduced compare to those
of PBT.The thermal conductivities of Glfased componenigere determined through
inversely modelinghe temperature profiles ifrigure 6.10. The initial rise of the
temperature data of 0200 s at 30 kW Min Figure6.10(a) were used to determine
the thermal conductivity of GF. The temperature data of-2® s and after 400 s at
30 kW m? in Figure6.10 (a) were employed to determine the thermal conductivities
of GF_Melt and GF_Resl1, respectively. The temperature data ef/R00s at 60 kW
m? in Figure 6.10 (b) were employed to determine the thermal conductivity of
GF_Res2 since GF_Res2 is the dwmnt component. The resulting thermal
conductivity values were adjusted to capture the temperature data at both heat fluxes in

Figure6.10. These slightly ovepredicted temperature data of 25460 s at 60 kW m

2 can be either due to the imperfectiorfstioe model (associated with a relative
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simplicity of its formulation) or due to small systematic errors in the experimental

measurements.
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Figure6.10 Experimental and simulated back surface temperatireBT/GF25

exposed to radiant fluxes set at (a) 30 kand (b) 60 kW . Shaded area

corresponds to the maximum and minimum experimental temperatures across the

sampe surface from repeated tests. Blotted lines represent the modeling results of

Model B obtained from the study by Kempel e{39].

The develped pyrolysis model of PBT/&25 was validated against the

experimental MLR data obtained at 30 kW? amd 60 kW rtf, shown inFigure6.11.

It is worth noting that the MLR data were not utilized in the inverse analysis model

calibration.Figure6.11 shows the experimental (symbols) anedicted greendashed

lines) MLR dataat both heat fluxes. The magnitudes of MLR peaksre

underestimated by 30% and 50% at 30 kWand 60 kW rif, respectivelyA similar

underestimation of the MLR peaks was observed in P#g®Rd system, shown in

Figure 5.9 of Section 5.2.&n additional analysis waalsoconducted to understand

the cause of this poor agreemdhitst, thed

and MLR profiles of pure PBT in

Figures6.8 and 6.9 were well captured, which indicated the accuracy of the resulting
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reaction parameters and thermal transport parameters of pure PBT. It is noted that the

same reaction parameters were used for PBT and PBT/GF since the GF is chemically

inert. In addition, the weltaptured temperature profiles of PBT/GF25-igure6.10

indicated the accuracy of the resulting thermal transport parameters-ba<8#

components. Therefore, the underestimated MLR data of PBT/GF2igune 6.11

demonstrated that additional mass transport features should be taken into account.

According to tte literature information, the wick effect was observed in the glass

fiber reinforced polymerf96,97,103] Due to the wick effect of glass fiber, the molten

polymer is transported from regions of higher concentration to regionewar |

concentrationlt was found that the incorporation of wick effect helped to improve the

MLR predictions of PA66/GF25, shown in Figure 5.9 of Section 5Tharefore, the

neglected wick effect of glass fiberalsoa possible explanation for the unestimated

MLR data.
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Figure6.11 Experimental and predicted MLR data of PBT/GF25 exposed to radiant

fluxes set at (a) 30 kW ¥and (b) 60 kW 3. Blue dtted lines represent the

modeling results of Modd} obtained from the study by Kempel et[&8B].

The existence of wick effect (transportha&ior) in PBT/GF25 was confirmed

127



through experimental measurements. If the wick effect exists during the gasification
test of PBT/GF25, the molten PBT will migrate from the bottom layer to the top layer
where the concentration of molten PBT is lower duan earlier decomposition of
PBT. Therefore, the concentration of the final residual component, PBT_Res2, in the
top layer of PBT/GF25 residue obtained from CAPA Il test at 60 kW/(fuily
decomposed) is expected to be higher than that of the fully ¢es®u virgin sample
without transport. Therefore, their concentration of PBT_Res2 were examined to
confirm the existence of the transport behavkigure 6.12 details the threstep
confirmation process. The first step is to obtain Sample A from thenviBIT/GF25
granules or plates, and Sample B from the top layer (aboptt m) of PBT/GF25
residue (3.8 p 1 m) after the CAPA Il test at 60 kW The second step is to heat
both Sample A and Sample B-74mg) up to 60@ in. ata nominal heating rate of

10 K mirttin TGA tests. The small sample mass and low heatiteallowed us to
assume that the sample was thermally thin (no significant concentration and
temperature gradient inside the sample). The second step was done to ensure that PBT
in both samples were fully decomposed into the final residual componentReBZ.

The third step is to rheat the sample residues obtained from the second step up to 600
3 inairat a prescribed heating rate of 10 K rhin TGA testsThe change in the mass

of the samples observed in the air experiments was indicative of how much of the final
residual component, PBT_Res2, each sample contained (unlike the glass fiber,
PBT_Res2 fully oxidizes and volatilizes when heated in the presence of oxygen).

fact that the mass loss for the Sample B in the third step is larger than that for the

Sample A indicates that the molten polymer migrates to the top layer during the
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pyrolysis process and confirms the existence of wick effect during the gasification test

of PBT/GF25.

- ~
i Heat Sample A up to 873 Repeat the TGA tests of the residue
Sample A from undecomposed . .1 L
Kin N, at 10 K min of Sample A in air: 16.0 wt.%
PBT/GF2S5 plates .
in TGA tests mass loss

_/

p
Sample B from top layer (" Heat Sample B up to 873 Repeat the TGA tests of the residue
PBT/GF25 residue obtained from E> Kin N, at 10 K min~! |:> of Sample B in air: 20.5 wt.%

gasification tests at 60 KW m~2 L in TGA tests mass loss

.

Figure6.12 Threestep confirmation process of the existence of wick effect

Therefore, the transport behaviof molten polymer was included and
characterized using a single mass transport coefficient in the current pyrolysis model.
The value of the transport coefficient was determined to be@®.5 | O through
inversely modeling the MLR data of PBT/G-a@btained at 30 kW m This value was
smaller than that of transported components in PB&8d systenwhich is partially
due to a slightly lower viscosity number of PAGE37,138]. In this new molten
polymer transport model, all the material properties remain identical as the previous
model (without transport). Subsequently, the new transport model was validated
against the MLR data of PBT/GF25 obtained at 60 kW, fhe simuléed MLR
profiles at both heat fluxes using the new transport model are shown rasl fodid
lines inFigure6.11. The new transport model captures the MLR profile at 30 KV m
very well, with an improvement of 30% in the magnitude of MLR peak. The picdic
of the magnitude of MLR peak at 60 kW?mvas improved by 30%. However, the
temperature and magnitude of MLR peak at 60 kW were still underestimated,
which was likely due to fact that the transport behavior may also depend on the

temperature gradnt inside the sampland thus cannot be fully characterized by a
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single transport coefficient. However, no further complexity of the transport behavior
was included to avoid further complicating the model because when a small amount of
flame retardant adiives was added, the increased dependence of transport behavior
on the higher external heat flux was less notable. The evidence of the less notable

dependence is provided in Secti@2.4 and 6.2.5

The new transport model was also employed to simulaeback surface
temperature profiles of PBT/GF25 at both heat fluxes. No significant difference was
identified between the simulated results calculated by the model with transport and the
model without transport. Therefore, thed solid lines inFigure 6.10 represent the

simulated4 profiles for both models.

The predictions ot and MLR data using a pyrolysis Model B developed by
Kempel et al[39] are also included dduedotted lines in Figres6.10and6.11 This
model initially overpredicts and then underedicts thet data at both 30 kKW h
and 60 kW rif. This modelcaptures the magnitudes of the MLR peaks although it
significantly underestimates the decaying portion of MLR curves at both heat fluxes.
The materials from different manufacturers used in these two studies may contribute to
the unsatisfactory agreememn addition, the neglected molten polymer transport
behavior in the model developed by Kempel et al. may also explain the poor agreement.
It should be emphasized that the pyrolysis model of PBT/GF25 developed in this work
can be used to capture the pyradybehavior for both pure PBT and PBT/GF25.
However, Model A and Model B obtained from the study by Kempel et al. were
developed for pure PBT and PBT/GF25 individually anmhsisted of completely

independent property sets
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6.2.4 Pyrolysis Model Developméifior PBT/GF/DEPAL Blends

During the parameterization process of pyrolyzing PBT/GF/DEPAL blends, all
the properties of PBbasedand GFbased components determined in the previous
sections were adopted and the additional properties of DHa&ed componest
participating in Reactions {8) in Table 6.were obtained. It was assumed that DEPAL
componenthad the same transport rate as the molten polymer, PBT_Melt. The
emissivity and absorption coefficient of DEPAL were assumed to be the same as those
of PBT due to a small amount of DEPAL in the blend. The emissivity and absorption
coefficient of final residual components, DEPAL _Resl and PBT_DEPAL_Res1, were
also defined as 0.94 and 106 kg'in the same manner as the residual component,
PBT_Res2. The densitpf PBT/GF25DEPAL16 was measured at the room
temperature. The density of DEPAL was calculated based on the known densities of
PBT, GF, and PBT/GF2BEPAL16, and mass composition of PBT/GH2EPAL16.
DEPAL partly vaporizes and partly decomposes to a dietigsphinic acidvaporand
an aluminum phosphate residue in thedensd-phasg91]. Therefore, DEPAL_Resl
was assumed to have the same density as aluminum phofi88#telhe density of
PBT_DEPAL_Resl was estimated to capture the approximately constant sample

thickness throughout the te$te resulting parameters are summarized in Table 6.5.

Figure6.13 shows the mean experimental profiles plackdashed lines) of
PBT/GF25DEPAL16 at both heat fluxes. The initial rise of the back surface
temperature da of 0- 200 sat 30 kW m?was employed to determine the thermal
conductivity of DEPAL. The back surface temperature data after 300 s at 30kW m

were used to determine the thermal conductivity of PBT_DEPAL Resl. The
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temperature data of 450650 s at 6 kW n?2 were used to determine the thermal
conductivity of DEPAL_Res1 since it was produced at a relatively high temperature
Due to the high porosity and temperature of the uesidadiation was assumed to be

the dominant mode of heat transfer inside ttesidue. The radiation diffusion
approximation[130] was used to describe the thermal conductivity of the residual
components, DEPAL_Resl and PBT_DEPAL_Resl, with d-gower temperature
dependence. The resulting conductivities were adjusted in order to fit both temperature
profiles within the experimental uncertainties on average. The simulated results are

shown as theedsolid lines inFigure6.13.
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Figure6.13 Experimental and simulated back surface temperatures of PBT/GF25
DEPAL16 exposed to radiant fluxes set at (a) 30 kWamd (b) 60 kW . Shaded
area corresponds to the maximum and minimum experimental teomesracross the

sample surface from repeated tests.

The material properties determinedhirs sectiorwere first validated against the
4 data obtained for a lower DEPAL concentration blend, PBT/@P2BALS.
Figure6.14 shows the experimental amehglated temperature profiles of PBT/GF25

DEPALS at both heat fluxes. The model captures the temperature profiles pretty well
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except for an overestimatiarf the dataat the end of the 30 kW fitest and of the data
between250 - 450 s at 60 kW M in Figure 6.14(b). The presence of these minor
discrepancies can be either due to the imperfections of the model (associated with a
relative simplicity of its formulation) or due to small systematic errors in the

experimental measurements.

Subsequently, the MLRata of both DEPALcontaining blends obtained at 30
and 60 kW rif, not utilized in the inverse analysis model calibration, were used to
further validate the resulting properti€sgure6.15 shows the mean experimental and
predicted MLR data of PBT/GFZBEPAL8 and PBT/GF2DEPAL16 at 30 and 60
kW m?. When DEPAL was added, the experimental MLR peaks were reduced
compared to those of PBT/GF25. Additionally, as more DEPAL was added, a greater
reduction in the MLR peaks was obtained. The model captures thepkiifies at 30
kW m?very well. Despite an underestimation of the decaying of the MLR profiles at
the higher heat flux, the corresponding magnitudes of the MLR peaks are predicted
very well. The improved prediction of MLR profiles indicates that, as alasady
discussed in Section 6.2.3, the addition of the flame retardant reduces the impact of the

wick effect at highheating intensity
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Figure6.14 Experimental and predicted back surface temperatureBoiGF25

DEPALS exposed to radiant fluxes set at (a) 30 kWamd (b) 60 kW n?. Shaded

area corresponds to the maximum and minimum experimental temperatures across the

sample surface from repeated tests.
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Figure6.15 Experimental and predicted MLR data of (a) (c) PBT/GBEFPALS and

(b) (d) PBT/GF28DEPAL16 exposed to radiant fluxes set at 30 and 60 K& m

6.2.5 Pyrolysis Model Development for PBT/GF/MPP Blends

During the parameterization process gfgdyzing PBT/GF/MPP blends, all the

properties determined in the previous sections were adopted and the additional

properties of MPfhased componentsiiicipating in Reactions {8) in Table 6.lvere

134



obtained. It was assumed that MPP had the same tranafgas the molten polymer,
PBT_Melt. The emissivity and absorption coefficient of ME&mponentwere
assumed to be the same as those of PBT due to a small amount of MPP in the blend.
The emissivity and absorption coefficient of residual components, R€$1 and
PBT_MPP_Res2, were also defined as 0.94 and ytin the same manner as
PBT_Res2.The emissivity and absorption coefficient of the intermediate product,
PBT_MPP_Resl, were assumed to be the averaged values of PBT_Melt and

PBT_MPP_Res2.

The density of PBT/GF29MPP8 was measured at the room temperature. The
density of MPP was calculated based on the known densities of PBT, GF, and
PBT/GF25MPP8, and the mass composition of PBT/GIM#BP8. In order to simulate
the sample thickness, an additionamponent MPP* that has the same properties as
MPP, except for a lower density, was introduced in the model. MPP changed into MPP*
when its temperature reached 430 K. The value of the transition temperature was
determined through fitting the measured ekpental sample thickness evolution.
MPP_Resl was assumed to have the same density as MPP due to a very small amount
of MPP_Res1 remaining in the residukhe resulting parameters are summarized in

Table 6.5.

Figure 6.16 shows the mean experimental backase temperature profiles
(blackdashed lines) of PBT/GF29PP8 at both heat fluxes. With the incorporation of
MPP, thed at 1100 s of 30 kW rfiwas reduced by 40 K and the  at 700 s of
60 kW m?was reduced by 65 K compared to those of FBR5 inFigure6.12 The

initial rise of the temperature data of B50 s at 30 kW rAwas fitted to determine the
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thermal conductivity of MPP. The thermal conductivity of MPP_Res1 was assumed to
be the same as MPP due to a very small amount of MPP_fRRedliced in the
condensegbhase. The temperature data of 3@D0 s and 6001200 s at 60 kW A

were used to determine the thermal conductivities of PBT_MPP_Resl and
PBT_MPP_Res2, respectively. The thermal conductivities were adjusted in order to fit
bath temperature profile§he resulting parameters are summarized in TableTao.
simulated results are shown as thd solid lines inFigure6.16 The model captures

the profiles very well except for a slight underestimation of temperature data atithe e

of the 30 kW nftest.
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Figure6.16 Experimental and simulated back surface temperatures of PBT/GF25
MPP8 exposed to radiant fluxes set at (a) 30 k\amd (b) 60 kW 3. Shaded area
corresponds to thmaximum and minimum experimental temperatures across the

sample surface from repeated tests.

The material properties determinedhirs sectiorwere first validated against the
4 data obtained for a lower MPP concentration blend, PBT/@f2B4. Figure
6.17 shows the experimental and predicted temperature profiles of PBT/K3PP3

at both heat fluxes. The model captures 4he profiles well except for an
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underestimation at the end of the 30 kW? tast. The presence of these minor
discrepanciesan be either due to the imperfections of the model (associated with a

relative simplicity of its formulation) or due to small systematic errors in the

experimental measurements.

Subsequently, the MLR data of both MEéntaining blends obtained at 30 and
60 kW m? were used to further validate the resulting properfiggire6.18shows the
mean experimental and predicted MLR data of PBT/GAE®4 and PBT/GF25
MPP8 at 30 and 60 kW The experimental MLR peaks of both blends were reduced
significantly canpared to PBT/GF25 wherein MPP was not present. At 30 d\the
MLR peaks were reduced by 40% and at 60 kW the MLR peaks were reduced by
50%. No significant MLR profile changes were identified with MPP composition
changing from 8 wt.% to 4 wt.%d.he model captures the MLR data very well. The
good prediction of thdrigh heat fluxMLR profiles indicates that, as mentioned in
Section 6.2.3, the incorporation of MPP reduces the impact of the wick effect at this

high heating intensity and ak brings themodeling resultsinto nearly perfect

agreement with the experimental results.
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Figure6.17 Experimental and predicted back surface temperatures of PBT/GF25
MPP4 exposed to radiant fluxes set at (a) 30rk\and (b) 60 kW 3. Shaded area
corresponds to the maximum and minimum experimental temperatures across the

sample surface from repeated tests.
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Figure6.18 Experimental and predicted MLR data aj (c) PBT/GF28VIPP4 and

(b) (d) PBT/GF28VIPP8 exposed to radiant fluxes set at 30 kwand 60 kW rt.

6.2.6 Extrapolation to New Compositions

The previous sections demonstrated that the developed pyrolysis model captured

the4 and MLR data of alkix calibrated PBT/GF/DEPAL/MPP blends for any

thermal exposure. In this section, the extrapolating capability of the pyrolysis model
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was validated against the experimental data obtained for two blends with new
compositions, PBT/GF2BDEPAL8-MPP4 and PBT/G25DEPAL16MPP8. The
gasification experiments of the two blends were conducted at a nominal radiant heat

flux of 45 kW m? that lies in between the two calibrated heat fluxes.

Figure6.19 shows the mean experimental and predicted back surface temperature
and MLR data of the two blends at 45 kW2mit should be noted that these
experimental measurements were not employed in the model parameterization process.
The magnitude of experimental MLR peak of PBT/GIEXSPAL16-MPPS8 is slightly
reduced compared tddt of PBT/GF25DEPAL8-MPP4. The model predicts the
experimental data well except for the underestimated temperature data (after 180 s) of
PBT/GF25DEPAL16MPP8. It is noted that the current model did not include the
potential synergetic effect between DHPand MPP on the thermal transport process
in condensegbhase. However, the model provides reasonable predictions considering
the complexity of the pyrolysis model and the blends, which indicates that the

synergetic effect on thermal transport procesmtssignificant.

600 45 kW m

- — —Experiments
Model

500

back X)

PBT/GF25-DEPALS-MPP4
400 ]

300

0 300 600 900 1200
Time (s)

139

























































