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A multi -layered, Flexible Thermal Protection System (FTPS) heatshield configuration
layup has previously undergone groundbased testingin an arc-jet facility to simulate
atmospheric entry heat exposure An existing thermal response model has been developed at
NASA to simulate heat transfer through an FTPS layup during an arcjet experiment by
predicting measured temperatures between layersA carbon felt insulator, located in the
middle of this FTPS layup decomposes when exposed high heating in an atmosphere that
contains significant amounts ofoxygen The current module in the FTPS thermal response
model that simulates insulator decomposition has notyet leveraged experimentally
determined quantities.In an effort to achieve better temperature predictionsin the thermal
model, a Thermogravimetric Analysis (TGA) experimental campaign was performed on
virgin samplesof a carbonfelt insulator to rigorously characterizedecomposition by obtaining
its activation energy. Experiments were performed ina zero-moisture air environment using
Standard TGA and Modulated TGA methodswith a TA Instruments Q5000IR apparatusto
obtain estimates of activation energy The mean activation energy for carbon felt was
determined to be 131.56 kJ/mol and 121.16 kJ/mol for Standard and Modulated TGA
methods, respedtely. Limited TGA testing resources in the past have redted in rough
approximations FTPS insulator activation energywith little knowledge of uncertainty. This
TGA experimental campaign also determined the corresponding activation energy
uncertainty for carbon felt samplesusing a t-distribution . The activation energy standard
deviation was determined to be 5.79 kJ/mol and 8.66 kJ/mol for Standard and Modulated
TGA methods, respectively.The activation energy obtained fromthe Standard TGA method
wasinsertedinto the FTPS thermal response model to companesulting temperature profile
predictions with measuredthermocouple temperature data recordedduring ground-based
arc-jet testing. Preliminary results show significant improvement in thermal respons model
temperature predictions using thisexperimentally-determined value for activation energy.
This investigation shows promise fora newly developeddecomposition module within the
FTPS thermal response model based on rigorous experimentation anenables future
probabilistic analysis to include activation energy asrauncertain parameter.

Nomenclature
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bo = Ballistic coefficientof entry vehicle
Mp = Massof entry vehicle

Co = Drag coefficienbf entry vehicle
Ap = Drag areaf entry vehicle

k = Rate constant

A = Arrhenius preexponential factor
Ea = Arrhenius activation energy

R = Gas constant

T = Temperature
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I. Introduction

HERMOGRAVIMETRIC Analysis (TGA)describes the process of studying the decomposition behavior of a

variety of materials asa function of temperature andime in a controlledtesting emironment. TGA
experimentatiofis commonly used to characterize the decomposition behavior of heatshield materials for atmospheric
entry spacecraftAtmospheric entry vetles traveling to Mars dve usedvehicle geometrydesigrs derived from
heritageViking missions. Each followon mission has incrementally improved landing mass capability. It is believed
thatthe Mars Science Laboratory (MSL) mission that landed in 2012 maximized current stiéeanft landing
capacity for entry vehiclesn Mars. Additionally, rigid ablators like the Super Lightweight Ablator (S6A1V) and
Phenolic Impregnated Carbon Ablator (PICA) have been used on every Mars mission to date. Landing additional mass
beyond the MSL capability has been shown to be difficult wis@nt technology, motivating the advancement of
technologies to enable future mass. One such technology is g/personic hflatable Aerodynamic @celerator
(HIAD) 2.

A HIAD is an inflatableaeroshelithat reduces the entry ballistic coefient when compared with atmospheric
entry vehicles fitted with traditional rigid aerosheBsllistic coefficient is a function of the vehicleass(a , drag
coefficient(6 , anddragreference are@® shown in Equation 1H1 ADs r educe t h eoefficienhi cl e
bysubstantidly i ncr e as i dragarda while addinly minihag mass.

S

I — Y

A lower ballistic coefficient allows the vehicle to demelte highem the atmosphere and decre#tse peak heat
rate experienced by the HIAD TPS. Unlike rigid Thermal Protection Systems (TPS), HIAD TPS must remain flexible
to enableinflation before entry. The HIAD must also allow for comppatkaging within the confines of a launch
vehicle shroudor extended periodsrior to withstandingntryaerothermal loading. With the advancement bfitzs,
insulation, and thidilm materials HIADs may result in a means to increase mission capabiliéditionally, by
making improvements in FTPS material characterization and thermal modeling, designers can obtain more accurate
and more reliable FTPS mass estimations for future Earth and Mars entry missions.

2
American Institute of Aeronautics and Astronautics



Downloaded by GEORGIA INST OF TECHNOLOGY on March 7, 2017 | http://arc.aiaa.org | DOI: 10.2514/6.2017-0898

In order to choose an optimum FTPS configuration, it isrdbk to create thermal response model to simulate
entry aerothermal loadspplied to theFTPSsurface. One wayo test FTPS response to higkentryheatingis to
expose FTPS layups to heated flow generated by ajetaiacility. An extensive experimé¢al campaign performed
by the HIAD team at NASA Langley Research Center has been underway for tbeqaatexposingvarious FTPS
stackup configuration® arcjet heated flowDuring eacharcjet testthe HIAD teanmeasurd temperaturebetween
each layer of FTPS to gain a deeper understanding tifaétenal respons& o simulate these physical processes, Dr.
Roy Sullivan and Eric Baker at NASA Glenn Research Center have develapssldanensional(1D) thermal
responsemodel using COMOSL Multipysics software.A significant amount of additional thermahodel
development was carrienlit by Steven Tobin and members of the HIAD team at NASA Langley Research Center.

Creating a thermal model that accurately predicts temperatures within an FTPSrdayues detailed
understandig of the physical processes ahdrmatmaterialproperties associated with each layer. The first stage in
developing a thermal model verification thatall pertinent physical processes are included and all therratdral
properties have been obtaintdough testingr expertopinionover the appropriate temperature and pressure range
of interest. Next, the model must be validated by compasngrdedarcjet test temperature data betwderPS
layers to corresponding temperature predictions ithienal response modélinally, the performance of thieermal
model is evaluated based on how closely the temperature prediegoasfunction of time match the get
temperature datameasured atachthermocoupldocation

This investigatiorfocuseson acarbon feltcalledKFAS created bySigrathermwhichserves as an insulator for a
wide variety of applications. With a low thermal conductivity, ttesbonfelt has proven to be a viabtandidate
insulator for the HIAD FTPSThe objective of thistudyis to continue thermalesponseanodel development by
characterizing the decomposition behavioa afirborfelt insulatorat high temperatures in an oxidative environment
The Arrhenius equationas been chosen to model tterbonoxidationdecomposition behavior, wth is shown in
Equation 2°.

Q 6Q (2)

This fundamental form of thérrheniusequation defines the approximate relationship between the rate constant
(Q and the activation enerd{D ) for a material This expression is a function of the greponential facto(® , the
universal gas constanty), and the temperatur@y of the sample materialn order to fully define the Arrhenius
equation for a material, one needsexpose the sample to a controlled thermal event lBctied the gaseous
environment compositiompressure, andaried temperature profiles. Exposure of samplestmérolledenvironment
is achieved by performing a series of careful TGA experiments.dtlieation energycan be calculated from
prescribed data reduction procedures set forth by the American Society for TestiMgtaridls (ASTM) according
to the type of TGA methodlhetypes ofTGA mettods performed in this study featunearconstant heating rate
profiles with respect to timeand eacltarbonfelt sample is being tested ieromoisture airto capturethe resulting
carlon-oxidationdecomposition behavior.he following studyassumes thdhe carboroxidationdecomposition can
be accurately modeled using the Arrhenius equation and calculates the resulting activation enecgy o rifedt.

As mentionedthe primary objective of ZGA experimentaktampaign is to gain a deeper understanding of a
mat er i al ' s irdaecontraiqu @rsvirohmermt.rin this case, the deeper understanding gleanedGroof
carbonfelt is applied toobtain more temperature predictions within the FTR&rmalresponse modellhis is
performed byobtairingt he c andi d adivation emesgywhiahtisthe migsimum amount dhermalenergy
required for the carbeoxidation decomposition process to occur. The activation energy afnigasing FTPS
insulatorsin this study isdetermined using two different methods: the Standard TGA test mettraavéBlynn-
Wall) and a recenthgeveloped Modulated TGA test thed. The following TGA test campaign contains an
embeddednaterial testing methodolodlratapproximats theprobability distribution of activation energy using both
TGA test methods. Tise probability distributios of activation energy providexperimentallydetermined ranges
used to investigate decomposition sensitivities during thermal response modelGéolo simulations.

II.  Motivation for Thermal Response Model Improvement with ExperimeniBased Decompaosition
Module

While many different layup configurations have been tested in the Bbaigg Core Arc TunnéLCAT) facility,
only one configuration will be investigated in this analysis. Figrbelow is referred to aa Pure KFA5 layup

because the insulation region is composed of only KFA5 carboif fiedtlayup contains wo | ayer s of COI C
Nicalon SiliconCarbide (SiC)or theouter fabricf our | ayer s of Si grferthbiesulations KFAS5
and Aluminized Kapton laminated to KevigkKK) for the gas barrier.
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Figure 1. Pure KFA5 Layup (SiC, KFA5, AKK) *

During argjet testing, hermocouple (TC)sensors arglaced betweerrTPS layersto obtain experimental
temperature measurememigh time at various depthgTC1, TC2, TC3, TC4, TC5, TC6, and TC7 from Figure 1).

The COMSOL thermal response model mentioned previously is used to generate corresponding thiermocou
temperature vs. timpredictions at the sambermocouple depths within the FTPS layilipe goal 6the modeling

effort is to produce thermocouple predictions within an acceptable closeness to thermocouple measurements. The
thermal model initially solves the direct heat transfer probleragpjyinganarcjet measuredemperaturegrofile at

TC2of the Pure KFAS Layups the driving boundary cdition andpredictingtemperature at the appropriate depths.
Discrepancies produced by the model itself and by uncertain knowledge of the boundary condition are expected to
cause initial predictions to deviate frameasurements.

Thermophysical properties can be measured with confidesing traditional methogdéut characterization ¢iie
uncertainty of these properties is particularly challenghgnethodology described later in this study attempts to
charactede material property uncertainty in a probabilistic manner to enable future probabilistic analysis methods.
Generally, material property testinggsrformed over discretemperature and pressusangesin limited instances,
arc-jet test conditionsanpotentialy producetemperatures that exceed the bounds of colldgtieunophysicatiata
forcing the analyst to extrapolate provide continuity In other cases, experimentally determined thermophysical
property data is not available, and properties rhaststimated. The current insulator decomposition module within
the FTPS thermal response model uses estimates for activation energy that are not rigorously determined from
traditional experimentation. For a carbon insulator that experiences signifiddatiox in the presence of a high
temperature, oxygerich environment, it is particularly important to accetptdetermine decomposition panaters
from physical experiments. Thereforaetprimary motivatiorof the following TGA test campaigtis to rigorously
obtain theKFA5 carbon felt activation energy along with its uncertailtydecomposition module grounded in
experimental data enables the minimizatiothefrmal model tempature prediction discrepancies.

The COMSOL thermal response modighulategshermophysicaprocesses experienceythe FTPS layuduring
arcjet testingby defining governing equations for conservation of mass, momentum, and efrgy.the past
decade, many research laboratohiage collaboratetb perform material pperty characterization on FTPS layass
a function of temperature and pressure to improve the thermal simulation acBerdaymingarcjet testing on FTPS
layups inthe Boeing LCAT facility helps analysts gaa deeper understanding of FTPS perforredoy collecting
temperature measurements from thermocouples between layers and comparing them to temperature predictions at
depth from the physiebased model.

Experimental testingpasshown thakKFA5 samplesheatedabove 300C’in zero moisture air begito experience
significant decomposition due to carbon oxidatibhe decompositioprocess is an energy absorbing mechatisn
can potentially lowetemperatures throughut anFTPS layup which must be accounted for in the thermal model
before accurateemperature prediions can be made Complex phenomentaave been recently added to the model
increase fidelityincludingboundary layer flow through the porde§P Slayers angbyrolysis gas flowirom insulators
to the surfaceln addition, he thermal model has successfully modéiedt transfer processes suctcanvection,
surface radiation, and solid/gas conduction through FTPS ldymally, the currenthermal model includes the
physics to properly describe insulator mass decomposition usidgrteniusEquatiorr.

Preliminary results indicatéhe thermal model consistentiynderpredictsmeasured arfet thermocouple data.
Temperature predictions for the bondline interface, which sits betweeoutth layer of insulationand the gas
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barrier,are consistety lower thanthermocoupleneasurements. While this conservative estimate leaglstd s af er
FTPS design, these predictions could produce an FTPS mass hegtsitdeldequirementfor an atmospheric entry
mission which ultimately decreases landgmhyload massapability However, as thermal model temperature
predictions at depth beow more accurate, heatshield thickness and mass margins become more exact, leading to
significant mass savings. Minimizirige gap betweetherma model temperature predictions and-gettemperature
measurements facilitatgzrogress towards model validat. The TGA testing campaignn this studyhas been
performed to ga a deeper understanding of the KFA5 carbon rfediss decomposition procelsg obtaining an
experimentally activation enerdsom experimentation

As previously mentioned, the overall ebjive of conducting further material property testing is to provide the
FTPS thermal model with a more detailed, accurate material database to produce temperature profile predictions with
reduced discrepancies. The goal is to reduce the discrepanciesebeitvdepth thermocouple predictiorand
thermocouple measurements.

lll.  TGA Testing Procedure

A TGA experimentexposes a material sample to a specified temperature profile, pressure, and surrounding gas
composition to measure sample mass loss as #daraf temperature and time. The traditional waybfairing the
activation enagy of a TPS material with TGAollows the Ozawdalynn-Wall method, initially developed in 1966
In this work, the Arrhenius relation is used to model insulator mass decompo%itiorhefirst objective is to find
the activation energy of decomposing FTPS insulators using TGA telséitgg.on, his actvation energy is inserted
into the FTPShermalresponsemodel to accurately simulate heat transfer through FTPS layups exposed to flight
relevant heating conditions in an get.

Finding the activation energy of a material using the Standard (G2wa-Wall) method is time consuming
because it requires TGA tests at four different heating rates. This requires realignagions of th& GA instrument
and many sample runs. Recently, a new method called Modulated TGA has been developed to find the activation
energy of a material using a single test at a single heatir§ ¥ati this investigationModulated TGAwill be used
to find the activation energy of decomposing FTPS insuldtorthe first time The ativation energy obtained from
the Standard (Ozawklynn-Wall) TGA method and the new Modulated TGA method will be compared to potentially
show that Modulated TGA is a viable option for future use. Due to scarcity of experimental resources, TGA testing is
performed sparingly. For example, to find the activation energy of one material, an experimentalist may perform one
repeated test (2 tests) at three different heating rates (6 tests total) before estimating its activation energy. This
challenge is exacerl@t if one seeks the associated activation energy uncertainty.

Many materials are assumed to haweactivation energy that follows a normal probability distribution fungtion
as described by the Distributed Activation Energy Model (DABM§ 4 If the analyst makes this common
assumption, he may approxae the activation energy with an experimbased-distribution. The more experiments
that are performed, ¢hcloser the -tistribution approaches a normal distribution. The present work defines a
methodology to obtain an approximate probability distribution of activation energy by completing repeated tests.
Obtaining the probability distribution of activationexgy provides a straightforward method to obtain its uncertainty.
While this method will be demonstrated by finding the distribution of activation energy, it can be extended to other
material properties as well.

This investigation presents the procedurssd to obtain thactivation energy of aarbonfelt insulator called
KFA5, along with a conceptual evaluation of the FTPS thermal response model with new activation energy values
substitued in. Inserting experimentallyerived values for activation engy into the COMSOL thermal response
model is expected to help correlate FTPS thermal model temperature predictions to measured temperatures from arc
jet experimental data by providing another degrE&eedom for adjustment.

TGA testing was performed ararbon felt samples using a TA Instruments TGA Model Q5000IR, referred to as
the TA Q5000IR from here forward. This highly capablstitey apparatus is owned by Dr. Lisa Dettto s ki n’' s
Materiak Analysis Center (MC)inGe or gi a | nst i t Schoel ofdviateridleScibncecahddEgginéesng.

An image of the TA Q800IR is shown below in Figui2
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Figure 2. TA Instruments TGA Model Q5000IR *®*  Figure 3. TA Q5000IR FurnaceCross Section®

The TAQ5000IR is a relatively neimstrument that has maryd vanc ed c¢ ap a befelstoibfiareds. The
furnace heang provided by internal lamp#&Jsing infrared heating allows for high precision of temperature profiles
and near instantaneous equilibration to specified temperatures for isothermal testing. In addition to having a high
precision balance to measure weiglgs as a function of time, the TA Q5000IR also has the ability t@rpre
defined sequencautomatically. For each TGA run, the user is able to specify a detailed seriesitsfiat is carried
out in aprescribed order. Also, the instrument hasdhpability to transfer samples automatically using a rotating
carousel. These capabilities were utilized and appreciated by the analyst in the following test8.d&igueeshows
a crosssectional diagranof the furnace itself. It is important to note that the gas flows across the sample in the
direction parallel to the ground. Thesl i mi nat es t he need to run amsonédnightank” r u
have to do for a furnace with a vertical sanmgdes flow.

The focus of this study is on the mass decomposition respomseanbon feltKFA5, exposed t@eromoisture
Air for many Standard and Modulated TGA experimenhtss section will briefly outline the experimental procedure
used to completeach TGA run, followed byrainitial discussion of the resulting weiglaiss curvesFigure Set4
providesthe reademwith a detailed account of sample preparation and loading proceidtomethe TA Q5000IR
furnace.

The order of succession in Figure 8atarts in the uppéeft cornerand continues from left to right, row by row,
until the final image in the bottom right corner. Eaanbonfelt sample wasoreddirectly fromalarger disk otarbon
felt material from the manufacturer. Using the brass,faped “coring” device, cylindr
sliced out of the larger piece, shown in the-lip corner.Once the samples were cut, they were placed into lslam
pans on the sample carous#ld loaed into the TA Q5000IR furnac®nce closed, the furnace is heated to a
temperature 0600 C at a specified heating rate, shown in the boitaht corner.
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Figure Set4. Sample Loading Procedureof KFA5 Sampleito TA Q5000IR

Figure Set 5 gives the reader insight intaintenance tasks perfoed between rounds of testiniche following
three images show how debris was routinely cleaned from the alumina pans through a prescribed bake out procedure
in a muffle furnace.

Figure Set5. TA Q5000IR Alumina Pan Cleaning Procedure

Before each TGA run, the analyst turned to the TA software to create a run program for the TA Q5000IR. The
flow rates of gas through the instrument were programmed first, sending a flow rate of 10 ml/min of Argon to the
balance and a flow rate of 25 ml/min zéromoisture Airto the sample. Each TGA run shown in this study followed
identical run sequences. Each run sequence contained two distinct stages, which will be referred to as the moisture
removal stage and the dynangtage. The objective of the moisture removal stage was to drive all excess moisture
out of the furnace and the sample before ramping up to the specified dynamic run sequence. The moisture removal
stage took approximately 40 minutes, resulting in a dmipsa and a dry environment inside the furnacea at
temperature of approximately)3C. The dynamic stage, followed directly after, consisted of a linear ramp to a final
tenperature of 60 @ for Standard TGA osinusoidal amp to a final temperature 088 C for Modulated TGA

IV. Calculation of Activation Energy Using the Arrhenius Equation

As mentioned above, a seriesdyhamicTGA experimentsvere performed atarious heating ratéfsr a carbon
felt sample. The goal of these tests was to further characitsridszomposition process be simulated with a finite
element thermal modeTwo different types of TGA tests were performed to obtainatttesation energyThe first
type of TGA experimet, referred to as a Standard TG#drequiresexposing the sample tbdifferent heating rates
to obtainthe activation energyn this studythe analyst chose to subject samples of KFA5 carbon felt to heating rates
of 2 @/min,5 @/min,8 C/min,and10 @/min in azeromoisture AirenvironmentThe second TGA test profile,
referredto as a Modulated TGAexposes the sample to a sinusoidal variation about a constant heat rateTgrefile
heat rate chosen for this study was®/min, the modulation period was chosen to be 2@01dsand amplitude was
chosen to be * 5@ in a zeremoisture Air environmeniThe advantage dflodulatedTGA is the obtainment of the
activation energy of a sample after only one experiment. dlh@nfing discussion will introduce the reader to the
basic Arrhenius relation framewodnd showthe governing equationssed in Standard and Modulated TGA to
calculatethe sample activation energy

A. General Arrhenius Formulation for TGA T esting

To modelweight loss in a material as a function of temperature, the Arrhenius equation is commadnlgisuse
shownin Equation 3.
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To create an accurate simulatiordetomposition, one must obtain the activation energy of the temtiednfelt.
The following stegby-step procedure will show how EquatiBiis used to obtain a general expression for the rate of
conversion as a function of kinetic parameters. Equatioredl at es t he degree of conversio
obtained through TGA testing, &asmudhsamplieniwdiadhisaap | & fw

6

Equation 5 shows a gener at"” e xripmsetsosfi arh ef aratteh ec ornesa catnito, n
expression, “f (a)”. Equation 6 is the familiar Arrheni
an nth order kinetic expression was chosen for this study. For simplicity, the reatitiomssed in this study are
considered firsbrder reactions, where n = 1. Finally, Equation 8 displays the reaction rate in terms of kinetic
parameters.

o — @)
= QvQe )
QY 6Q0n — ()
U ™

— 8Q6h — p° ®

B. Standard TGA Method Summary

Decomposition kinetictor the Standard Ramp methae modeled using the Ozawa/Flynn/Wall method outlined
in the ASTM Stadard TestMethod E164115 3. The following equations show the majority of the accepted
Ozawa/Flynn/Wall method of calculating activation energy factor from dynamic TGA dataratifferent heéing
rates for first order reactions. Please refer to the ASTM method for more details about the calculation method. Figure
6 shows four sample TGA curves at different heating rates, while Figglvews the resulting Arrhenius plat@can
create from StadardTGA data.
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Figure 6. Sample Dynamic TGA Curves® Figure 7. Sample Arrhenius Plot®

The slope of the Arrhenius plot is a key quantity used to obtaiadtieation energyEquation9 shows how one
can obtain the sl ope of t heobfaininghhesslope, and perativé procededbeging ed t o
to converge on the activation energy. The Ozawa/Flynn/ivethod outlined in ASTM E16415 provides a lookup
table to help the analyst complete this iteration procedure by hand. The quantitiedrefere as “a”, “b”, a
are all values listed in this table. Equation 10 shows how one calculates the initial guess for activation energy using
the “b” parameter. Equation 11 shows how anbtEhkeer value
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calculations in Huations 10 and 11 are repeated until convergence is achieved. Finally, the converged value for
activation energy is used to calculate thegxponential factor shown in Equation 12.

o % ©

o - yy - (10)
o — (11)

5 — (12)

C. Modulated Ramp TGA Test Method

The Modulated TGAmethod waschampionedby researchersaat TA instruments as a way to obtain the
decomposition kinetics of a sample with less experimental effbis. method produces dn. oscillatoryresponse in
the rate of weight loss. Deconvolution of this response, usinginealdiscrete Fourier transformaiti (DFT), leads
to the desied kinetic parameters (E and”Af. Figure8 below shows an example of@odulated temperature profile.
The green line represents the weilglgs curve as a function of time whileemagenta curve shows the corresponding
modulated temperature profitescillatesabouta constanheatng rateof 2 @/min.
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Figure 8. SampleModulated TGA Test of KFA5 in zero-moisture Air at 2 C/min

ASTM Standard Test Method E2958 14 outlines theacceptedtesting procedure for &Modulated TGA
experiment which has been adhered to closeéty the following analysisUsing slightly different expressions,
Equations 13- 15 briefly show how the calculation is performed to obtain the activation energy and the pre
exponential factor of a sample exposed to a single modulated ramp TGlatbst ¢ equati ons, “T”" re
average tewperagrueg e nt'A talmp | ti & mpdeer, a tanrde “Hdl frepresent s t
log of the rate of weight changelease refer to included references for more information about theatosg and
related derivation&®1%,
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o — (13

where 11

(14

i 1= — (15)

D. Number of TGA Tests Required to Obtain Adequate Activation Energy Distribution

As mentioned previously,hermophysical properties can be measured with confidersieg traditional
experimentalmethods but characterization of property uncertainties is particularly challengihg following
methodologyses experimental repetition to estabtish e + 3 ¢ aounds ferratspedifio mageriab property to
enable @iture probabilistic analysis methods.

In this investigation, the probability distribution of activation energy is approximagid) two types of TGA
testing. The confidence level describes the percentage of a distribution that fits between a spefifiedceo
interval. As the number of total TGA experimeirtsreasesgincluding repetitions)the percentage of thelistribution
within the + 30 uncertainty bounds, Figure9 @moparesachermat e | ev e
distribution to two tdistributions with varying degrees of freedom. Degrees of Freedom (DoF) were varied between
1 and 10 fordistributions to find the minimum degrees of freedom required to exceed the 95% confidence level
between+t® wuncertainty bounds. PRgure§hawmiinm muhme ofi gthtDogForst i @
are required to exceed a confidence level of 95%.
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Figure 9: Sample tDistributions vs. Normal Distribution (Left) and Degrees of Freedom Requireddr a t-
Distribution to Exceed a Confidence Level of 9

These results suggest two important conclusionstats t r i buti on with a 95% confiden
approximates a normal distribution and 5 experiments are eghjaireach TGA testing condition to obtain this t
distribution for activation energyfter completing 5 TGA tests a&ach condition foStandard and Modulated TGA
the analyst is able to obtain 5 independent determinations of activation energy for #aath filme sample mean and
sample variance for activation energy can be calculated using Equation 16 and Equation 17.

d -B o (16)
i —B & o 17)

The accompanying distributions of activation energy for Standard and Modulated TGA methods are shown in the
following section along with other pertinent results.

V. Results

After calibrating the TGA instrument to run at a heatinggafe2, 5, 8, and 10C/min, the analyst was able to
completearigorous testing TGAxperimentatampaign usingtandard and Modulated TGA methods described
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above, a total of 5 tests werempleted at eachGA testconditionso an adequatedistribution of activation energy
can be obtainedith each methodrhe following figures showampleresults for botif GA methoddor KFA5 carbon
felt in zeromoisture aitto help the reader understagach step in the analysis process.

100 e —— L) T T T

90 |

80 2 °Clmin
5 °C/min
8 °C/min
—10 °C/min

70

60 |

50 |

a0 b

% Weight Remaining

30
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10 F

0 100 200 300 400 500 600
Temperature (°C)
Figure 10. SampleSet of4 Standard TGA Tests ofKFA5 in zero-moisture Air at 2,5, 8, and 10 G/min
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Figure 11 Sample Arrhenius Plot for a Set of 45tandard TGA Tests of KFA5 in zero-moisture Air at 2, 5,
8, and10 C/min with a Linear Fit
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Limited portions of the entire data set are shown for brevity but can be obtained upon request. In this study, a

Standard
rat e,

creat.

test i
ng a |

TGA

ncreases
near

t he
temperatur e

ramp”

t e mipeed0&rata coastant fading h e
profile.
TGA tests at bating rates of 2, 5, 8, and X®min as a function of temperature. While the test was performed up to

600 & this investigation focuses on finding the activation energyther region of constant conversion of the
decomposition everdccursat a weight remaining percentage of 83% and a temperatappofximately408 Q.

After completing 5 sets of Standard TGA sustheating rates a2, 5, 8, and 10@/min, the analyst had gathered
enough data to measure activation energy with 5 independent measurements according to tHe18&FNG
standard. Accordingly, 5 Arrhenius plots were created. One of these plotsvis ishbigure 11below for the KFAS

di sk

decomposition for this material.

As mentioned, aModulated TGAtest creates a sinusoidal temperature modulation about a standard linear

r e f e r.rTeedinedr 6t is éasly atclrdte, showing that the Arrhenius relation can accurately capture

temperature ramf.he precise controllability of the TA Q5000IR TGA furnace allows for this complex heating profile
to be programmed with ease. Fig8rghows a typical modulated TGA sinudal temperature profild=igurel2 shows
weight loss curgs as a function of temperature, along with their corresponding activation energy $igrihks set

of 5 Modulated TGA testperformed in zergnoisture Air Resulting activation energwas obtained using the
calculations in the previous sectias prescribed by ASTHE2958- 14. A first order reactioiis assumed at the region

of constant conversion of the decomposition evecturringat a weight remaining penstage of 83% and a
temperature odpproximately108 Q.

100 I T T T T T T T 1000
——T4 % Weight Remaining :
———F1 % Weight Remaining ¥ 1900
——P6 % Weight Remaining :
g0 | —J15 % Weight Remaining ¥ 1800
——U15 % Weight Remaining ]
- = =Activation Energy ¥
o : i : {700
= ]
-E Ii '
T 60f At 1 1600
: 4 :
[1'4
- Lt ¥ 4500
r a1y ‘\ W
= MY W
§ 40F r: o : 4400
\!
) ::\ h\ ']
& r: 3 ‘: 41300
20 :: A f: 2
I ' (N i 129
I“ S Y ""?ﬂ" ‘F u
1 N a2 Wiw 100
L]
oy V\e
o L A 1 13 ‘ 1 'l A1 L o
50 100 150 200 250 300 350 400 450 500 550

Figure 12. 5 Sample Modulated TGA Tests oKFA5 in zero-moisture Air at 2 @/min

Temperature (°C)

Activation Energy (kJ/mol)

After completingthe required TGA experimentati@md activéion energy calculations for both methottee final
t-distributions could be obtained. Figure b8low showsoth distributions in the same plot to show sckligure 14
showsthe corresponding + 3 standard deviation bouondach tdistribution. The mean and standard deviation of
the Standard TGAdistribution is aproximately 131.56 kJ/mol and 5.8K9/mol, respectively. The mean and standard
deviation of the Modulated TGAdistribution is approximately 121.16 kJ/mol and 8k36mol, respectively.
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Figure 13 KFA5 Activation Energy t-Distributions Obtained from Standard and Modulated TGA Testing
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There are a few interesting things to note here. The mean of activation fdrgth distributions are fairly close
together show excellent agreemenheTmeanobtained from theStandard TGAmethod is slightly higher by
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approximately 10 kJ/mol, whiamay becontributed tahe calculation procedure averaging results dvagating rates
(2, 5, 8, and 10@/min) that are greater than or equal to the heating rate used for Modulated2TG/(n).

One can also see that the standardadien of activation energy is slightly higher fiModulated TGA than that of
Standard TGAAccepted procedure for Modulated TGA instructs the analyst to establish the activation energy in the
region of constant conver si , thewvadtivattoh enerdy signbl,cgignifieng tagp p ar e n
point where the decomposition event is proceeding at
activation energy signals obtained from Modulated TGA occurs just at@@e€. This finding shas strong
agreement with the region of constant conversion obtained from Standardaif4®8 €, and therefore, strong
agreement between both methods. It is important to note that the weight loss curves in Figure 12 begin to span a wider
range as each s@ha enters the region of constant conversion, which is likely due to manufacturing variation between
samples. This wider range is passed on to the correspondivagiactenergy signals, which mégthe main reason
why the standard deviation of Modulated T@®Rceeds that of Standard TGA.

Theresultingmean activation energi@®m Standard and Modulated TGA methoaientioned aboveyereinput
into aCOMSOL thermalresponsemodelsimulating Run 2659 in the Boeing LCAT gt facility. The measured
temperature profile as a function of time was placed as a boundary condition at TC 2 and the physical processes
simulated within the insulation stack of the thermal response model predict temperatures at deeper thermocouple
locations (TC 3, TG}, TC 5, and TC 6). The primary reason for placing this TC Driver boundary condition at TC 2
was to focus on the improvement of temperature predictions between layers of insulation, which are most highly
effected by changing the insulator decompositiomleho

The resulting accuracy of temperature profile predictafter replacing the old estimated activation energy with
a new value determined from experimentatibigure 15 shows theominal FTPS thermal model predictions with
the original twereactiondecomposition modetreated by Sullivamnd Bakerwhere predttion lines flashe} are
compared with experimenta measured temperaturgsolid lines) during the arget run Changes made to this
decomposition moddkature an updateakctivation energyanda correspondingipdatedpre-exponential factor. All
other decomposition parameteénsthe modekemained the same, including a reaction order of 1 for simplicity and
total weight lost after full decomposition of 97% according to TGA experimental data.
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—TC4 Exp
0.7 H = ==TC4 Nom
TC5 Exp
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e
~

o
w

Normalized Temperature (T/Tmax)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Normalized Time (t/tmax)

Figure 15. Initial FTPS Thermal Response ModeComparison BetweenNormalized Arc-Jet Thermocouple
Measurementsat Depth (Lines) and Nominal Predictions (Dashe}for KFA5 Run 2659
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Figure 16. Improved FTPS Thermal Response ModeComparison BetweenNormalized Arc-Jet
Thermocouple Measurementsit Depth (Lines) and Improved Predictions (DasheslYsing Activation Energy
Determined from Standard TGA for KFA5 Run 2659

After inputting the mean values faictivation energy obtained frothe StandardTGA mehod, the resulting

bondline predictions were assessed in Figure 16. This plot shows the thermal response model predictions at depth after

inputting the mean activation energglueof 131.56kJ/mol obtined from Standard TGA. Very similar results were
obtaned if the activation energy was changed to the mean activation ersdugyf 121.16 kJ/mol from Modulated

TGA. Figure 16 shows significantly improved predictidos TC 3, TC 4, and TC 5 and a similar prediction for the
bordline (TC 6) temperature. Thiis an encouraging result, afrther probabilistic analysis will leverage the
uncertainty distributions for activation energy obtained in this study to investigate the sensitivity of the thermal
response model to variations betweendatermined +8 values.

VI. Conclusions and Future Work

Two types ofTGA tests were performed @ncarborfelt insulator called KFAS5, to obtain itsactivation energy.
After modeling the sample decomposition behavior with the Arrhenius equation, the analyst was able to calculate the
mean and uncertainty attivation energy of thearbonfelt usingtheanalysisprocedureslescribed abovdhe mean
and standard deviation tfe activation energydistribution obtained fron$tandard TGAs approximately 131.56
kJ/mol and 5.7%&J/mol, respectively. The mean and standard deviatitheaictivation energy-tlistribution obtained
from ModulatedTGA is approximately 121.16 kJ/mol and 8.&&mol, respectivelyKnowledge of tese quantities
furthers the understanding of haarbonfelt behavest high temperaturds anoxidative environment The mean
and standard deviation valuesaafivation eergyt-distributionsfor both methodshow excellent agreement, which

suggests that Modulated TGA should be pursued as a technique to obtain similar activation energy measurements as

Standard TGA while saving 75% of the experimental effort.

Preliminary thermal model responessultswith updated values for the activation energy andey@onential
factorshow great promise for the new decomposition mdded.analyst was able to inpdlculated activation energy
valuesto show significant impprovement in the thermaksponsenodd’ s t e mpredictohsat thermocouple
locations between layers of FTPS insulatiboture work includes consideringher decompositiorparameters in
order to improve the currenedomposition model even furth@ndprobabilistic analysis to characterize the sensitivity
of thermal model temperature predictions to variation in activation energy. In the theithermal model can be
validatedandintegrated into a probabilistic heat shield sizing process to avoich e ¢ e s s amrair gy n“i ;g€ r
shieldmass andhickness.
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