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Moti vating Application

The particularmotivationfor this researchs the detectionof defectan the
Insulatingfoamon the spaceshuttlefuel tanksin orderto helpeliminatethe
separatiorof foamduring shuttleascent.
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Our Contrib utions
GapDetectioninverseProblem

ModelingHetereogeneoudaterials
Distributionsof Dielectric Properties
Homogenization
MicrostructureModeling

2D Aspects
Knit Lines
Oblique Angles
Focusing
Obstacles
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Outline

DamageDetectionProblemfor SOFI
Dif culties

Simpli cations
SomeComputationaResults

ContinuingDirections

AIP 2007- Vancouwer. Canada-p. 4



Voids in Foam

Thefoamonthespaceshuttleis sprayedn in layers
(thustheacrorym SOFI).Voidsoccurbetweenayers.
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CuredLayer

As thetop of eachlayercures,athin knit line is formedwhich s of higher
density(i.e., is comprisedf smaller moretightly paclked polyurethanesells).
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SOFI Under 20X Magni cation

Wavelengthis onthe orderof 1mm; microstructuras smaller
Mostlossin the materialis dueto scatteringrom faces.
Numericalrepresentationf cellularstructurein aninverseproblemis infeasible.
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Picometrix T-Ray Setup

Step-blockcanbeturnedupsidedown to samplevaryinggapsizes.
Recever andtransmittercanberepositionechat variousangles.

Signalcanbefocusedor collimated.
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THz Through Foam

Waveforms traversing various thicknesses of foam
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THz signalrecordedafter passinghroughfoamof varyingthicknessin a
pitch-echoexperiment.
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Time-of- ight

Bitmap of time-of- ight recordingdrom step-blocikfoam. Methodclearly
shaws steepboundariepetweerfoamandvoids.

Shaws contrastput doesnot accuratelycharacterizelamage.
Lesseffective on horizontaldiscontinuities.
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Dif culties

Microstructuresmallerthanwavelength
Domainis very largecomparedo wavelength
Voidsareonly afew wavelengthdarge

Index of materialis closeto air
Ringingmasksre ection information
Scatteringeffectsnot well understood
Obstacles
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Micr ostructure

HomogenizatiorfPeriodicUnfolding Method)
In collaborationwith D. Cioranescuetal.
Cangive aneffective permittvity basedn
microstructure

Model randommicrostructures

Basedon Appolloniustesselatiorof “random
raindrops”

Distributionsof statisticalparameteryields
heterogeniety

Canbeuseadwith constantvave speed.
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Apollonius Graph

Apollonius Graph and Truncated Domain

Apolloniusgraphon aclosepackingof disksgeneratedby a “randomraindrop”algorithm.The
knit line is modelledusingsmallerdrops.
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Model of SOFI Micr ostructure

Apolloniusgraphis truncatecandstretchedthenedgesaregivenathicknessanddiscretizedo
resultin anindicatormatrix asshavn in the bitmap.
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Simpli cations

Assumesingle-g/cle pulseof x edfrequeny

Possiblyonly trackingpeakfrequeny

Possiblysolvingbroadbangroblemin
paralle

Maxwell's equationseduceto wave equation

Assumehomogenizednaterial
For low frequeng, microstructuras

ne

ligible

For x edfrequeng, singlewave speed
Possiblyfrom homogenizatiomethod

Assume2D (uniformity in third)
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2D Problem Outline

Model
Equations
BoundaryConditions

ComputationaMethods
SampleForward Simulations

InverseProblems
Without Obstacle
With Obstacle
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SampleDomain with Void

R I

0 0.01 002 003 004 005 006 007 008 009 0.1
X

Dashedinesrepresenknit lines,dot-dashs foam/airinterface.Elliptical
pocket (5 mm) betweerknit linesis avoid. “+” marksthe signalrecever.
Backwall is perfectconductor
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2D Wave Equation

We assumeheelectric eld to bepolarizedin thez
direction,thusfor E = (0;0; E) andx = (X;Y)

(x)@E (t;%) r (1X)r E(t; %) = @(t %)

@
where (%) and (%) = ¢ arethedielectric
permittvity andpermeabillityrespectrely.

J(t%) = (x)e © to)=to)".

wherety = t; =4 whent; Is theperiodof the
Interrogating pulse.
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Boundary Conditions

Consider = [0;0:1] [O; 0:2]
Re ecting (Dirichlet) boundaryconditions(right)

[Elx=0:1=0
Firstorderabsorbingooundaryconditions(left)
S
€3 1 @

= =0
@ (%) o @&

Symmetricboundaryconditions(top andbottom)

& = 0

@ y=0;y=0:2

We usehomogeneoumitial conditionsk (O; %) = 0.
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Modeling Knit Lines/Void

Thespeedof propagtionin thedomainis

S

C(x): &: L

n(x) (%) o

wherec; Is thespeedn avacuumandn is the
iIndex of refraction.

We maymodelknit linesor avoid by changing

theindex of refraction thuseffectively thespeed
In thatregion.
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2D Numerical Discretization

Secondorder(piecaviselinear) FEM in space

Secondorder(centeredfD in time

Linearsolve (sparse)

Preconditioned@onjugate-gradient
(matrix-free)

LU factorization
Mass|lumping (explicit)
Stairsteppingor non-\erticalinterfaces
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PlaneWave Simulation

Sourcdocatedatx = 0O, receveratx = 0:03.
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PlaneWave Signal

Signal received at center line (x=0.03)

Interrocating signalsimulatesa sinecurve truncatedafteronehalf period.
Re ectionsoff void areshavn in inset.
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Picometrix T-Ray Setup

Notethe non-normalncidenceandability to focus.
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Obligue Plane Wave Simulation

Sourcdocatedatx = 0, receveratx = 0:03, but raisedto collectcenterof
planewave re ection.
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Oblique PlaneWave Signal

Signal received at center line (x=0.03)

Nearlyall of original signalreturnsevenwith anobliqueangleof incidence.
(Note: lastknit line removed.)
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FocusedWave Simulation

Sourcemodeleausingscatteredeld formulationof point sourcere ected
from elliptical mirror. Receverlocatedatx = 0:03. Notetop andbottom
boundaryconditionsarenow absorbing.
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FocusedWave Signal

Signal received at center line (x=0.03)

Althoughre ections off of void arelarger, thetotal enegy thatreturnsis less
thanthe planewave simulation.
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ODbligue FocusedWave

Sourcemodeleausingscatteredeld formulationof point sourcere ected
from elliptical mirror. Receverlocatedatx = 0:03, but raisedto collect
centerof focusedwave re ection.
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Oblique FocusedWave Signal

Signal received at x=0.03

Datarecevedfrom non-normallyincident,focusedwave. Re ection from
void is similarin magnitudeo normalincidencefocusedwave.
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2D Void InverseProblem

Assumewe have data,E; attimest; andx = x*

Giventhewidth of anelliptical void w, we can
simulatetheelectric eld

Estimatevoid width w by solvinganinverse
problem:

Findw 2 Qg4 suchthatthefollowing objectve
functionis minimized:

= ixs ' oy T éZ
J1(w) 7S JE(ti; X", w) i]°:
i=1

Locationof x* is crucial.
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Intensity of Data Collected

Intensityof datarecevedfrom non-normallyincident,planewave
interrocating materialwith avoid. (Note: knit linesareignored,dashedine is
shavn merelyto highlightlocationof void.)
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Data Collectedat High Intensity

Signal received at high intensity area (x=0.03)

Shawn is thedifferencebetweendatareceved from non-normallyincident,
planewave interrogating materialwith andwithouta void whenrecever

placedin highintensityregion. (Note: original signalpeakis shovn for
reference.)
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ODbjective Function On Domain

Shawn is a surfaceplot of the objective functionatw = 0. Crossdenoteghe
locationof leastintensityin signalreceved. Notethatit correlateswith region
of greatestontrastbetweemmaterialwith void andwithout.
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Data Collectedat Low Intensity

Signal received at low intensity area (x=0.03)

Shawn is thedifferencebetweendatareceved from non-normallyincident,
planewave interrogating materialwith andwithouta void whenrecever
placedin low intensityregion. Amplitude of differences doubled.
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Domain with Obstacle

Considera domainwith anopaqueobstaclan front of a void.
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Intensity of Data Collected

Intensityof datarecevedfrom interrogatinga materialwith anobstaclan
front of avoid. Locationsfor recever thatwereconsideredredirectly above
blackarea,anddirectly below(i.e., (:03,:1)).
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Data Collected Below

Signal received below black region (x=0.03)

Shawn is thedifferencebetweendatareceved from non-normallyincident,
planewave interrogating materialwith andwithouta void whenrecever

placedbelowtheinvisible region. (Note: original signalpeakis shavn for
reference.)
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ODbjective Function On Domain

Shawn is asurfaceplot of the objective functionatw = 0. Thecrossdenotes
thelocationdirectly abovetheinvisible region. Notethatit correlateswith
region of greatestontrastoetweematerialwith void andwithout.
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Data Collected Above

Signal received above black region (x=0.05)

Shawn is thedifferencebetweendatareceved from non-normallyincident,
planewave interrogating materialwith andwithouta void whenrecever

placedaboveinvisible region. Amplitude of differences two ordersof
magnituddarger

AIP 2007- Vancouwr. Canada-p. 40



J — ODbjective Function

LSQ error for planewave interrogation

Width (m)

Objectve functionversusvoid sizefor two locations
of recever: above or below invisible region.

AIP 2007- Vancouwr, Canada-p. 41



InverseProblem Results

Without obstaclestecever placemenshouldbe
In region of low intensityfor highestcontrast
(intensityis low dueto void).

With obstaclesrecever placemenshouldbe at
Interfacebetweerregionsof low andhigh
Intensityfor highestcontrast(intensityis low due
to obstacle).

With properplacemenbf recever, LM converges
to minimumof J after12 iterations

Eachforwardsolweis 1.5 hours
Thisdoesnotincorporatenoise(SNR  100:1)

AIP 2007- Vancouwr, Canada-p. 42



Concluding Remarks

With currentpower sourcesanddetectiondevices,

re ectionsfrom thefront surface,voids,andknit lines
aredif cult to detect.Thus,for now, informationis
collectedfrom thetotal re ection off thealuminum
backing.More work need4o bedoneto match
simulationgo this data,includingaddingattenuation
dueto scatteringandusingdatato generatehe
simulatedsource.
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Continuing Dir ections

Modeling Approaches
Microscalescatteringnodel
Matchattenuatiorobseredin data

ComputationaMethods
Edgeelements

ABC/PML
Fastertime-marchingtime-splitting)

Quantify Rolustnessvrt Uncertainty
Material properties
Geometry
Interrocatingsignal
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