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Candidate material testing was performed on variousFlexible Thermal Protection
Systems (FTPS)layup configurations in an arc-jet ground test facility. A physicsbased
thermal model was created to predict the thermalmaterial responseof each FTPS layup
under arc-jet induced thermal loading. Initial thermal model temperature predictions of
embedded thermocouples for FTPS test articles showed ansatisfactory correlation to arc-
jet test data. The LevenbergMarquardt (LM) inverse parameter estimation technique was
implemented to reduce discrepanciesbetweenthermal model temperature predictions and
experimental thermocouple temperature measurements by iteratively modifying FTPS
thermal parameters within the model, such as thermal conductivity and specific heatA
formal parameter estimaion methodology, previously applied for ablative TPS, is applied to
this FTPS problem to improve understanding estimation behavior and LM error -
minimization. Nominal, uncertainty, sensitivity, and inverse analysis are performed on
scaled thermal inpus to provide insight on solution uniqueness and stabilityThis error -
minimization technique is demonstrated on a previously flown FTPS layupconfiguration
consisting oftwo outer fabric layers, two insulation layers, and onegas barrier layer. Results
show that the LM method is a viable technique fo inverse parameter estimationof FTPS
thermal modeling problems.

Nomenclature
Entry vehicle drag area
Drag coefficient
Specific heat
Therma conductivity
Entry vehicle mass
Ballistic coefficient
Emissivity
Density
Scale factor for outer fabric emissivity

Scale factor for outer fabric thermal conductivity
Scale factor for outer fabric specifieat

OO >
o

Downloaded by GEORGIA INST OF TECHNOLOGY on January 25, 2014 | http://arc.aiaa.org | DOI: 10.2514/6.2014-0700

= Scale factor for insulator thermal conductivity
= Scale factor for insulator specific heat

= Scale factor for insulator density
= Scale factor for gas barrier specific heat

= Scale factor thermal ingp parameter vector
Temperature profile prediction vector from COMSOL
= Thermocouple measurexperimental temperatuxector
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= Sensitivitymatrix
Damping mrameter
Diagonal natrix
Error-minimizationiteration number
= Error-minimizationobjective function
Central difference method tolerance
- = Stopping criteria 1 tolerance
- = Stopping criteria 2 tolerance
= Stopping criteria 3 tolerance

wn mLes— o

. Intro duction

NTRY, Descent, and Landing (EDldescribeghe process of safely bringirsgspacecraft toest on thesurface

of an atmospheric bodysor Mars EDL the Viking entry vehicle design has been incrementally improved
during thepast two decadds increase landing mass capability. Previmissions laid the ground work for current
State of the Art (SOA) rigid aeroshells. Additionaltigid ablators likethe Super Lightweight Ablator (SL-A61V)
and Phenolic Impregnated Carbon Ablator (PICAave been used on every Mars mission to .Hatendng
additional mass beyoritie Mars Science LaboratorySL) capability haseen shown to bdifficult with present
technology, motivating the advancemerdf technologies to enable future missiof@ne such technology is a
hypersonic inflatable aerodynamic decelerator (HIAD).

A HIAD is an inflatable device that producesa large drag areaand as a result, reduces tbptry ballistic
coefficientshown in Equation below.

r — @

Ballistic coefficientis a function of the vehicle masdrag coefficient, andeferencearea.HIADs reduce the
vehicl eds b a Withia subsintal incieasd if drag iareanvithile adding minimal mAdswer ballistic
coefficient allows the vehicle to deeehte higher in the atmosphedecreasinghe peak heat rate experieddey
the HIAD TPS?

Unlike rigid TPS HIAD TPSmustremainflexible to allow for packagng within the confines of a launch vehicle
shroudprior to withstandng aerothermal loadg. The FTPSmust notexperierwe performancelegraéction from
multiple packing and unpacking cyclésVith the advancement of fabric and tfilm materials, FTPS material
development for HIADsnay result ira meansd increase mission capabilitieBy making improvements thermal
modelng, designers can obtain more accuratel more reliabl&TPS mass estimations for future Earth and Mars
entry missions.

NASA has increased tHéght readinesof FTPS materials througbeveraldevelopmengefforts* The research
presented herextendsgheHIAD FTPS predictive capabilitgy developinga detailed physics basedodel using a
multi-parameteerrorminimizationtechniqueto attempt validation witlgroundbased testlata The longterm goal
of this research is to develop a robastorminimization methodology that can be applied across a wide range of
candidate FTPS materials while allowing for addition or rema¥gihysical processes as needed. The resulting
errorminimizaion technique will be extended to similar layups and exposed to vaaiajst heat fluxes and
pressure combinations in an effort tdend thermal model development describeth the future work section.

The thermal model is being developed using COMOSL Mrliitysics softwareCreating a thermal modéhat
accurately predictemperatures withinreFTPS layuprequiresdetailed understanding tie physical processeand
thermal propertiesisseiated with each material layer. The thermal properties associated with the candidate FTPS
materials are also functions of temperature and pressure, adding to theeaomehavior othermalresponseThe
first stage in developing a thermal model is to ensure all the pertinent physical processes areandlatiédermal
properties ha® been verified through property testing over the appropriate temperature and pressure range of
interest Next, the model must bealidatedby comparingarcjet testtemperaturelatato the onedimensional {D)
thermal responsef the FTPSCOMSOL model Finally, the performance of the COMSOL model is evaluated based
on how closely thelD model temperaturepredictionsmatchthe arcjet thermocoupldemperaturedatafor each
thermocouple

As is often the caseh¢ mathematicamo d etémperature predictions do netactlymatcharcjet experimental
datafor various reasonsSome examples include, but are not limiteduncetainty in the material properties used in
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the mathematical model, uncertsi in the arget tunnel conditions and small errors in the thermocouple
measurements émselvesTo improve model correlatioto the test datasmall corrections to théhermalinput
parametersare required It should be noted that manipulating the thermal parameters to achieve correlation
incorporates all the oén uncertainties in theystem and transfers them to the thermal paramdtdsscommon
practice foranalystsworking with rigid, ablative TP$o achieve data correlation lonly adjustingthe materiats
char thermal conductivity. Theseorrectionsare typically made using a tirmnsuming, manuly iterative
approachn which char conductivityis adjustedThe resulting predictiongre comparedo measured datandthis
process isteratively repead until a satisfactory correlatiois achievedWhile thismodel tuningprocess has been
shown to produceeasonable resultd is disadvantagéby representing modelncertaintywith a single parameter.
Additionally, tuningadjustments made by different analysts kiely to producedifferent modek of the same
system.The objective of this research is to developirverse anlysis methodologyto correlateFTPSthermal
model temperature predictions tneasured temperatures from -f@t experimental dataThis technique will
manipulatemultiple thermal model input paramessimultaneouslysingestablished inverse estimatitieory.

Il. FTPS Experimental Testing and Evaluation

The purpose of FTPS is to protect the HIAD inflatable drag device from the harsh aerothermodynamic
environment of atmospheric -entry. The composite FTPS material layup must withstand the heat loads and
aerodynamic forces, which create many design reqpeingés. There are two main areas of exploration with regards
to FTPS, which include gathering composite themexhanical properties of each layup and accurately modeling
the thermal response with computer software. Both areas are enabled by experirstimgabterelevant mission
conditions.A wide range of testing facilities were considered for overall FTPS material characteriZatitmough
it would be ideal to test undexact flight conditionsthere are no grounbdasedfacilities that cansimultaneously
match all of thelight conditionsin terms ofheat flux, surface pressure, and enthalpy. The most capable facility for
re-creating expected aerothermodynamic conditions for the Inflatabeni®Re Vehicle Experimer8 (IRVE-3) and
the HighEnergy Atmospheric Rentry Test (HEART) is théoeing Large Core Arc TunnelLCAT) Facility.”
Significant focus has been placed on developing the specific methodology for modeling and simulation of FTPS test
runs in theBoeing LCAT facility located in StLouis, Missouri® The longterm goalof this researclis to acquire
the ability to predicimeasured thermocouple temperatuiresn various LCAT rus within the specified feat flux
and pressureanges.
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Figure 1.Boeing Large Core Arc Tunnel (LCAT)®  Figure 2.Boeing LCAT Stagnation Test Sting Arn?
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Figure 3. Boeing LCAT Shear Test Configuratior®

The Boeing LCAT facilitymakes uses of a Huels dreater to raise the temperature of supersonic flow through

the pressurizedest cabirt. An external photograph of the test cabin is provided in Figure 1 above. Flow coming out

of the exit nozzles shown in Figure 2 and Figure 3 hit the FTPS sample held by thespegrer stagnation test

fixtures For shear tests, a custatavdoped wedge model was loaded with the FTPS sample and adjusted to the

correct angle to achieve the target shear force, surface pressure, and Heakfich freget shear testThe shear

test fixture used for Ru@259 is shown above in Figureu3ing a semelliptic nozzle exit to properly displace the
flow over the sampleThe watercooled, coppemodel holder used to perform stagnation testing on Run 2330 is
shown above in FigureZTablel bel ow shows the Boeing L
Layup ZstagnatiBwueast) 2330

test)a n d

Table 1. Boeing LCAT Testing Comlitions for Run 2259 and Run 2330

CAT t éhketrri ng

LCAT Run Layup Probe Heat Flux Surface Pressure
Number Configuration (W/cnr) (kPa)
2259 Layup 1 26.7 8.01
2330 Layup 2 21.4 3.1

In general, FTPS consists of multiple layers, each with a unique function. The first set of layers, referred to as

the outerfabric, is a porous fabric meantptect the underlying layers from the incident heat.fllixe second set
of layers, referred to as thasulator, is a porous insulation sheet that further prevents thtbigimess heat
conduction, keeping thiaterfaceto the inflatable structurd he lastayer, referred to as thgasbarrier, is a sheet of
Aluminized Kapton laminated to Kevlar that prevents flow from traveling through the entire layupa3tberrier
also behaves as the interface between the FTPS and thee®@ehiflatable structurewhich isequivalentto the

fibond]l

neo for an abl ative heat shield

system.

Between2011 and the present, there have been variodgatestsperformedto help qualify the FTPSnaterial

for upcoming flightmissiors mentioned aboveBoth stagnation and shear tests have been performed on various
FTPS layup material combinations in order to find an optimum configuration. Layup combinations have considered

two outer fabrics (Nextel BR0O and Silicon Carbide), six insulators (Pyrogeb@3Pyrogel 2250, Saffil, Polyimide,
APA, and APA?2), and two gas barriers (Aluminized Kapton Kevlar and Kapton Kevlar Laminate). AlthGégh
arcjet testing initiallyoperated using aquare heat flux profile for FTPS layups, recart tunnel upgradesow
allow layups tdbe tested using more flighike heatflux profileswhere the heat flux changes over time.

Because the set oliter fabric andinsulation layers are porous and allow gas to flow through, it was critically
important to match surface pressure to the desired flight conditicingdtesting to obtairan accuratethermal
response foeach layup. Each layup configuration was subjectdd¥AT stagnatiortestingto characterize thienal
performance and shear testitgganalyze mechanical propertieBhermocouples placed betweEiPSlayers at
various depths measuremperature vs. time during experimanesting.A pyrometeris used to estimate tloeiter

fabric top surfaceemperatureAlthough both stagnation and shear testing are both important for creating a final

FTPS design, ik analysis willfocus on specifi. CAT stagnation tests for development of {m®posedmulti-
parameteerrorminimizationusingthe LM method.
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lll.  FTPSThermal Model Development

While many different layup configurations leaween testedn the Boeing LCAT facility, two similar
configurations willbe invedigatedin this analysisreferred to as Layup 1 (Lind Layup 2 (L2) Both layups
containNextd BF-20 as theouterfabric,AspenAe r o ge | 6 s FLayuplipePyroglZ2500Layup 2)as the
insulabr, and Aluminized Kapton laminated to Kevlaas thegas barrier. Additionally, a thermocouple (TC)
temperature measurement device is placed between each FTPS layer to obtain experimental temperature
measurements at multiple deptiGraphics describing the material and thermocouple configurations for Layup 1 and
Layup 2 are shown below iRigure 4and Figure5, respectively The set of outer fabric layers for both layups is
composed of Nextel BRO ceramic fabric. However, the sdtinsulator layers arendependentasLayup luses
Aspen Aerogel 6daypyRusesepeB33IAOr agebd.b6s Pyrogel 22

gi'zg . TC1 BF-20 -
. TC2 BF-20 - T2
3350 2250 o
. TC3 .
3350 p—— 2250 prr Tes
. TC4 . TCA4
AKK . TC5 ARK . TC5
Qdot Qdot

Figure 4. L1 (LCAT 2259-BF-20, Pyrogel 3350, AKK]  Figure 5. L2 (LCAT 2330- BF-20, Pyrogel2250, AKK)’

Using the COMSOL MuthPhysics software framework, the many physical processes experienced dujitg arc
testing have been combined within one cohesive thermal mudhith includes thegoverning equationgor
conservation of mass, momentum, and enegguthwest Research Institute (SRI) successfully performed various
experiments on FTPS material samples to ohtaéasured values a@he thermophysical properties. Theaterial
property databases for virgand charred FTPS layemreinput into the model in tabular formdditionally, these
properties are input as a function of temperature and pref®mnfermingFTPStesting in the Boeing LCAT facility
helps analystsgain a deeper understaim) of the complex thermal response of these materials and obtain
thermocouple measuremeiftsm which the mathematical model can be compared.

Thermal conductivity for the insulator materials is made up of the sum of three components: solid conduction,
gas conduction, and internal radiatidtfter performing experimental¢et i n g , it was shown that
heated to the region between 375 - C and 600 «asC, it b
a result ofpyrolysis. The decomposition and pyrolysis gas flow are energy absorbing meckahanpotentially
lower the temperatures through a FTPS lal/Byrogel 250 exhibits similar decomposition and pyrolysis behavior,
which must be accounted for in the thermal model before accurate temperatlictions can be mad€omplex
phenomena such #ise potential for boundary laydtow through the porousuter fabric andinsulation layers and
pyrolysis gas flowto the surfacethrough these layers wildlso be added to the model for higher fidelity.
Understanding the decomposition of both Pyrogel 3350 and Pyrogel 2250 as anfohtdimperature, pressure, and
time is crucial to obtaining successful temperature predictidhs. thermal model has successfuthodeled
convection, surface radiation, and solid/gas conduction through FTPS layers. The current model includes the
capabilty to incorporaténsulatorpyrolysis gas flow and decompositibat remains unused untiie permeabilityis
characteizedfor each FTPS layerAdditionally, the pyrolysis gas species generated from decompositirstill
being characterized and will also be added to the model.

Preliminary results indicate that the thermal model consistentlypreglicts thermocouple temperatures when
compared with measured gat data as will be discussed in great detail inldeling sections Temperature
predictions forthe bondline interfacewvhich sits between the bottom insulator lagad thegas barrierconsistently
overpredictstemperaturemeasurements. While this conservative estimate leadsfisafad FTPS design, these
predictionscould producean FTPS mass beyond requirements, which adds unnecdssargss and ultimately
decreases usable payload m&3sce the thermal model can be validated with accurate thermocouple temperature
predictions, the modelcanbent egr at ed into a probabilistic hoeeat shi el
mar gi ni n g othicknesalh ordehto neifindze thé h e r ma | temperdtwd pdedicth gapand progress
towards model validatigra parameteestimationtechniquecalled the Levenberlylarquardt(LM) method will be
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applied directly to the COMSOL thermal mode estimate FTPS thermophysical propertiest reduce prediction
discrepancies

IV. Parameter Estimation Methodology Using the LevenbergMarquardt Technique

While there are many thermal properties to consider when making temperature predictions, this initial thermal
modd focuses on accurate estimation of emissivity, specific heat, and thermal conductivity for each layer of
material. As there are 3 sets of material layers in both Layup 1 and Layup 2, 9 thermal parameters were initially
considered as design variables faror-minimization for each layup After performing an effects screening
sensitivity analysis to find out which parameters contribute most to the variability of thermal response, 2 of these 9
initial parameters could be eliminated, leaving 7 therpsahmeters for estimation. THieal design variables are
the outer fabric (OF) emissivit /& ), OF thermal conductivitf/£ ), OF specific hea{/E ), insulator (INS)

thermal conductivity(A ), INS specific hea{&£ ), INS density(££ ), andgas barrier (GB) specific heat
(£ ). These design variables used ierrorminimization are not the thermal parameters themselves, but

corresponding scale factors. This approach enables quick determination of the percent change of each thermal
parameteandavoids discontinuous behavidrhe following scale factor parameter veckofor errorminimization
iterati on s byd&gquatibrk2deldws s hown

B ANEE ME DR DG DR @

The LevenbergMarquardt (LM) methodis frequently used for Htonditioned inverse heat transfer problems.
Using an iterative process and a sensitivity matrix composed ebfulst partial derivativesf scaled thermal input
parametersit eacttime step, the user solves a least squares minimization problem to abtdiimizedsolution®
The LM technique behaves like a steepest descent algorithm near the starting point, and as the solution approaches a
minimum, it exhibits similar behavior to Gadss me &1} Bhe following discussion provides a step-step
walkthrough of the calculations performed by the LM method to minimize error between thermocouple predictions
and arejet thermocouple measurements.

Stepl: Solve the direcheatingproblemwith "E (current step parameter estimatesdbtaind "E  (predicted
temperatures)

Step2: Compute thebjective functior8 "E  using the~equatimdefi~ned)elow
3'E n ""E n A'E (©)

3"E B 9 4°E (4

Step3: Compute the sensitivity matréx using the following equation.

— — — E —7

| - I\

. n "E _ - E -

€ E n - 11 [N (5)

E 11 = 2 2 ~ 1

e e e e

L] E 1l
u U

The central difference approximations is used to calculate each sensitivity coeffidiemer p ™ as
shown below

e — (6)

Rt
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Using an initial scale factor vectd,, the LM method uses a sensitivity matéix to determine the propéf E
to apply at each iteratiofiko, in order to approach theinimizedscale factor combinatiofi:

Step4: Solve the following linear system of equations to fi¥ie (suggested change in current parameter vector
estimate)

Il AEAC & (7
g€ ¢ tLUYE €& n A'E (8)
Y'E g E 1L & N A'E (9)

Step5: Compute the new estimaté  using the following equation
"E "E YE (10

Step6: Solve the direct problem with the new estimate of paramékers to obtain the predicted temperatures
i "E . Compute the newbjective functior8 "E

Step7: If 3"E 3E , replacqg byp T tand return to step 4.
Step8: If 3"E 3 "E , accept the new estimdte and replacé¢ byT® t .

Both Step 7 and Step 8 were modified as necessary in order to more finely tune the perforntaecerrof
minimization code. Resetting values for in Steps 78 andr in Equation 6 is discussed in detail with the TC3
driver approach code verification portion of the Results sediote that theTC3, or in general, TCX nomenclature
refers to the thermocouple placement shown in Figure 4 and Figure 5.

Step9: As a last step, one must implemaitbpping criteria. If the stopping criterion is satisfied, stop the iterative
procedure; otherwise replaéeby k+1 and return to step 3rhe following equations are examples of stopping
criteria

S[E 3"E's - 1y

"E "E - (12
In this initial setup of the LM erreminimization architecture, TC4f the FTPS layumwill be considered the

fi b o n dthermo@dpleand will be the only sensor used famalysis.To begin the erreminimizing processone
starts with the first step of using the initial scale fact@Es,and uses the COMSOL thermal modélLayup 1 to

calculate the corresponding predicted temperature profiles for each thermocouple of interest. In this case, the analyst

is interested in only TC4 temperature profile predictidrise following discussion describes ttesults generated
from applying tle LM Methodfor FTPSerrorminimizationof Layup labove®

V. Results

Arc-jet testing was conductedn FTPS material layups in order to characterize thermal material performance
with the goal of choosing a negeneration FTPS layup tze used oriuture HIAD missios. Thermocouples were
placed between each FTPS layer during testing to obtain temperature vs. time profile measurevagioissat
depths TC1, TC2, TC3,and TC4 from Figure 4. A physicsbased rodel was created in COMSOL to generate
corresponding thermocouple temperature vs. time profile predictions at the sajetetesting depths (TC1, TC2,
TC3, and TC4 fronfigure 4. The goal of the modeling effort is to produteermocouple predictions within an
acceptable closeness to thermocouple measureniémsthermal model initially solves the dirdueat transfer
problem by accepting afet measured heat flux as the driving boundary conddiothe top surface of Layupahd
solving for temperature predictions at the appropriate deplissrepancieproduced bythe model itself and by
uncertain knowledge of the boundary condition are expected to cause initial predictions to deviate from
measurementsParameter estimations commonly usedo reduce predictiorerrors by accurately estimating
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thermophysical parameters within the motféThermophysical properties can be measured with confidetiseit
with some uncertaintyysing traditional methodssenerally, material property testing is limited in range in both
temperature and pressure and is also obtained at discrete. artesover, the arget test conditions have the
potential of producing temperatures that exceetlaghavhich the data was collected. In these cases, the data in the
thermal model is extrapolated to provide a contiguous selat#. The capability does exist to make property
measuementsn high temperature regions aroupd0CC. In generalthe uncertainty in the measurement grows as
temperature increaseBherefore the primary motivation t@erform parametegstimationis to minimize COMSOL
thermal modeltemperature predictiodiscrepanciedy more accurately estimating these FTPS thermophysical
properties during extreme regions of -fgttesting where materials experience temperatures and pressures outside
their known ad tested limitsor in regions where the uncertainty in the measured propertiegeés lar

The LM methoddiscussed in the previous sectiwas beerselectedas a cadidate forthermghysicalparameter
estimation toreduce modeliscrepancy The following discussion provides results for a successfidiypleted
parameter estimation using the LM Methdthe COMSOL model will be used to produce initial thermocouple
temperature predictions ofajup 1 from Run 2259. The LM method will be implemented to estimate
thermophysical properties of interest to whimitial LM error-minimization After performing a literature search, a
parameter estimation methodology will be implemented to gain a deepkrstanding of the problerhy
addresimg solution uniqueness and stability direcfiyne boundary condition applied to the model will be changed
from a heaflux applied to the surface of the FTPS layhpat flux driver approachd applying measured TGhta
at the appropriate depth to solve for TC4 predictiOns driver approach)Finally, a test problem will be solved
using the LM method with the TC driver approach to minimize error between Lay@p! Jpredictions and afjet
measurements from R@259.

Initial thermal model predictions are providedlow for Boeing LCAT Run 2259 (sheatest for Layup 1) and

Run 2330 (stagnatietest for Layup 2) in Figuré and Figure7, respectivelyT h e XiilDGt a0 curves r
arcjet measured thermocouple mper at ures XwihNobmo t hher vieTsC di spl ay i ni
predictions.
1200 — x
— TC 1-Data
00 N T TC 1-Nom ||
— TC 2-Data
----- TC 2-Nom
800 TC 3-Data [
- TC 3-Nom
C 600 ——TC 4-Data |
[ 11/ A A R, N N o I M TC 4-Nom
400
200
0
100 150 200 250
Time (s)

Figure 6. Initial COMSOL Thermal Model Prediction of TC-4 for Run 2259
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Figure 7. Initial COMSOL Thermal Model Prediction of TC-4 for Run 2330

As illustrated the predictions fobondline TC4 are much more accurate in Run 2259 than in Run,2380
neither matches the data exac®efore performing parameter estimation, it is crucial to select an acceptafgée arc
data set for comparison. In general, parameter estimation is much more effective when initial predicti@se are cl

because there is less model error for the thermophysical parameters to overcome. Both Run 2259 and Run 2330

exhibit equivalent predictioproximity for TC2 and TC3. Since the objective function of the LM method only

considers predictiodiscrepanciefor TC4,Run 2259 was chosen for further analysis.

A. Initial LevenbergMarquardt Parameter Estimation wsing Heat Flux Driver COMSOL Model

Now that Run 2259 has been selected for further analysis, we must select the FTPS parameters we wish to

estimate.The thermophysical properties accounted for in the COMSOL model for each layer include thermal
hédabr({€p) ayedessi(tly, (jand
layers (t). Considering four different therptoysical properties for three different material types, a preliminary
sensitivity analysiswas performed on the model to determine which of these twelve thermophysical parameters is
statistically significant. The seven parameters that exhibited statigtigalficance include the parameters
mentioned previously/E WE WE ©E WE ©E hE

minimization, each scale factor was given upper and lower bounds, which are treated as cfsissization side

conductivity (9),

speci fic

constraints. The small and large sinstraint ranges are listed in Table 2 below:

Table 2. Small and Large Range Side Constraint Upper and Lower Boundf®r Scale Factors

). In orderto set constraints for the LM error

Side Constraint Bounds ~ "Q "Q Q "Q Q "Q Q
SmallRange Upper Bound 1.05 125 1.10 125 1.10 1.10 1.10
SmallRange Lower Bound 0.95 0.75 0.90 0.75 0.90 0.90 0.90
LargeRange Upper Bound 1.15 1.50 1.30 1.50 1.30 1.30 130
LargeRange Lower Bound 0.85 0.50 0.70 0.50 0.70 0.70 0.70

The direct problem in heat transfer analysis solves for amkntemperatures at depth performing calculations
with known boundary conditions and thermophysical properties. With regards to the COMSOL model, the
thermocouple temperatures (TCITC4) are solved for using a knoweatflux as thesurfaceboundary condition
and estimated thermal properties of each FTP&rlayhermophysical properties of FTPS layers may be measured
within a specific environment using experimental techniques. Obtaining true properties because much more difficult
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under extreme environmental conditions, such as high temperature and prepbacdetapthe FTPS stack. Inverse
Parameter Estimation (IPE) methods allow estimation of these thermophysical prc}ﬁ)@ﬂ'eause it was shown
that the initial COMSOL model predictions deviatggdnificantly from test datin Figure 3 aparameter estimation
must be performed to reconcile the differentBiyure8 below showsheresults of an initiaLM error-minimizing

attempt considering only TC4 predi cti on errors i n t he LM met h

(BE N fra E N fAya "E ). All seven scale factors of statistical significance mentioned abene
varied within their small sideonstraint range upper and lower bousgscified in Table 2 abouwe produce these
results shown in Figure 8 below:

1200 —— TC 1-Data
""" TC 1-Nom
1000 ~% . TC 1-Min
— TC 2-Data
O goob i/ N | TC 2-Nom
-  \dE N TC 2-Min
% TC 3-Data
2 600
g TC 3-Nom
S ity TC 3-Min
o 400 £ T #2555 —— TC 4-Data
---- TC 4-Nom
oA S GRS N TC 4-Min
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Figure 8. Error -Minimized TC-4 Bondline Predictions forRun 2259 Small SideConstraint Range

The implemented LM parameter estimationFigure 8 resulted in Bghtly improved TC4 model predictions
shown by thefiTC4-Mino prediction profilecurve moving claeser to thefiTC4-Datad measured arfet prediction
profile. Although improvement is achieved, it is not significant enough to deem acceptable. As the following
discussion will point out, much more analy/ss required to perform more intelligent and efféive LM error
minimization. Results will show that not all seven scale factors can be estimated simultaneously anel thet@cal
vector must be reduced to improve solution uniqueness and stability.

B. Application of Parameter Estimation Methodology taHeat Flux Driver COMSOL Model for
Run 2259

After performingan initial errorminimization using the LM method mentioned above, a literature search was
performed to delve more deeply into the topic of Inverse Parameter Estimation (IPE). The goalitfrahise
search was to gain a more fundamental understanding dhéneophysical parameteesd provide supporting
analyses beforehand to improve the performance of the LM-miromization on theheat flux driver model.
Molavi performs a detailed analis applying the Levenberlylarquardt technique to a thermophysical parameter
estimation problem for rigid, noncharring ablatbrdn addition to providing information regarding numerical
computationsof the LM method for inverse analysiMolavi discusses sensitivity analysis of thermophysical
parametersas a useful toot o det er mi ne e a adépengeace amtleetrestr 0d the phrametera. ITwo
parameters that are lineadigpendent and strongly correlated have similar or exactly opposingseffiecthe
temperature predictions of the model. Due to this dependency, the LM method cannot distinguish the individual
effects of eacleorrelated, linearhdependent parameter during the emonimization process, leading to challenges
with solution uniquenes&Jnderstanding relativparameter correlation provides valuable information about which
thermophysical parameters can be estimated simultaneoudiyaio a unique solution.
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In a similar study, Mahzari develops an inverse parameter estimation methodology with the goal of estimating
thermophysical properties for embedded thermocouples on the ablative heatshield of Mars Science Laboratory
(MSL).° In addition to sensitivity analysisf parameters, Mahzapierforns nominaland uncertainty analyséefore
inverse parameter estimatida consider higlguality measurement daeand i dent i fy perseoth par an
contribution totemperature predictionncetainty. To improvethe LM method s abi |l ity to mini mi zeé
the describedparameter estimatioarchitecturewas implemented.First, a nominal analysis was performed to
investigate the state of the gat test data and specify which portion Réin 259 will be considered in the LM
objective function Next a transient uncertainty analysis was performed for each thermocouple in Layup 1 to
i nvestigate the contribution of eraprddictorcuaderwinty. Bitgfaor t o t
sensitivity analysis was performed for Layup 1 to examine the correlations between scale factors and gain insight on
solution uniqueness and stability. All analyses help better infdrkh errorminimization by selecting the
appropriate thermophysicptopertieso estimate within the thermal model.

Nominal anajsis is performed using Figureagbove. As mentioned, the initial COMSOL mogeédicts TC4
within a reasonable range for the first 40 seconds. The moment that the heat flux boundary ¢emditionedto
represent model retractipiC4 predictions overshoahe measured bondlinpeak temperature and remain at a
higher temperature throughout catiwn. Since the COMSOL model is omkmensional in the througthickness
direction, it does not gaure twedimensional and thredimensional heat transfer effectsdditionally, pyrolysis
gas flow is not considered through FTPS layers in the model, which leads to thermocouple overprediction when
pyrolysis occurs at peak bondline temperatures. Fintilythermal model does not account tioe water cooled
model holdersontinuing to pull heat out of the FTPS stack up during the -cmtn process, which lowers gjet
measured thermocouple temperatufebowing model retraction Therefore, for TC4 in Run 2259, predictions
shout only be considered when heat flux is the dominant method of heat transfer, or within the first portion of the
run. Thethermal model does not yet incorporatepdl/sicalphenomea occurring duringcookdown and inclusion
of thesewill be left for future work With thisinformation in mind, he objective fuantion used by the LMnethod,

(37E A fna 'E N fin-a "E ), should only consider comparing predictions during FTPS heat up,
starting with model injection at t = 0 seconds and ending with TC4 bondline peak temperature at approximately t =
80 seconds.

Uncertainty analysiss performed todetermine which thermal di@ag parameters contribute most to the
uncertainty of predicted thermocouple temperature profiles generated by the COMSOL model. Uncertainty analysis
was performed with a Monte Carlo simulation using fikeusand normally distributed values for input seal
parameter uncertainties within the small sidastraint range specified abovafter feeding these randomly
generated inputs into the COMSOL thermal model,-th@usand resulting temperature profiles were generated for
each thermocouple (TELC4). These temperature profiles are depicted in Fiduirg-igure 12 below, showingthe
resultingtemperature profile digrsion across the small sidenstraint range afcale factor values.

Figure 9. TC1 MC Temperature Profile Spread Figure 10. TC2 MC Temperature Profile Spread

11
American Institute of Aeronautics and Astronautics



