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Moti vating Application

Theparticularmotivationfor this researchis thedetectionof defectsin the
insulatingfoamon thespaceshuttlefuel tanksin orderto helpeliminatethe
separationof foamduringshuttleascent.
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Our Contrib utions
� GapDetectionInverseProblem

� ModelingHetereogeneousMaterials
� Distributionsof DielectricProperties
� Homogenization
� MicrostructureModeling

� 2D Aspects
� Knit Lines
� Oblique Angles
� Focusing
� Obstacles
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Outline

� DamageDetectionProblemfor SOFI

� Dif �culties

� Simpli�cations

� SomeComputationalResults

� ContinuingDirections
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Voids in Foam

Thefoamon thespaceshuttleis sprayedon in layers
(thustheacronym SOFI).Voidsoccurbetweenlayers.

AIP 2007– Vancouver, Canada– p. 5



CuredLayer

As thetopof eachlayercures,a thin knit line is formedwhich is of higher
density(i.e., is comprisedof smaller, moretightly packedpolyurethanecells).
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SOFI Under 20X Magni�cation

� Wavelengthis on theorderof 1mm;microstructureis smaller.
� Most lossin thematerialis dueto scatteringfrom faces.
� Numericalrepresentationof cellularstructurein aninverseproblemis infeasible.
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Picometrix T-Ray Setup

� Step-blockcanbeturnedupsidedown to samplevaryinggapsizes.

� Receiver andtransmittercanberepositionedat variousangles.

� Signalcanbefocusedor collimated.
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THz Thr oughFoam
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THz signalrecordedafterpassingthroughfoamof varyingthickness,in a
pitch-echoexperiment.
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Time-of-�ight

Bitmapof time-of-�ight recordingsfrom step-blockfoam.Methodclearly
showssteepboundariesbetweenfoamandvoids.

� Showscontrast,but doesnotaccuratelycharacterizedamage.
� Lesseffective onhorizontaldiscontinuities.
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Dif�culties

� Microstructuresmallerthanwavelength
� Domainis very largecomparedto wavelength
� Voidsareonly a few wavelengthslarge
� Index of materialis closeto air
� Ringingmasksre�ection information
� Scatteringeffectsnotwell understood
� Obstacles

AIP 2007– Vancouver, Canada– p. 11



Micr ostructure

� Homogenization(PeriodicUnfoldingMethod)
� In collaborationwith D. Cioranescu,etal.
� Cangiveaneffectivepermittivity basedon

microstructure
� Model randommicrostructures

� BasedonAppolloniustesselationof “random
raindrops”

� Distributionsof statisticalparametersyields
heterogeniety

� Canbeusedwith constantwavespeed.
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Apollonius Graph
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Apolloniusgraphonaclosepackingof disksgeneratedby a “randomraindrop”algorithm.The
knit line is modelledusingsmallerdrops.
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Model of SOFI Micr ostructure

Apolloniusgraphis truncatedandstretched,thenedgesaregivena thicknessanddiscretizedto
resultin anindicatormatrixasshown in thebitmap.
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Simpli�cations
� Assumesingle-cyclepulseof �x edfrequency

� Possiblyonly trackingpeakfrequency
� Possiblysolvingbroadbandproblemin

parallel
� Maxwell's equationsreduceto waveequation

� Assumehomogenizedmaterial
� For low frequency, microstructureis

negligible
� For �x edfrequency, singlewavespeed
� Possiblyfrom homogenizationmethod

� Assume2D (uniformity in third)
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2D ProblemOutline

� Model
� Equations
� BoundaryConditions

� ComputationalMethods

� SampleForwardSimulations

� InverseProblems
� WithoutObstacle
� With Obstacle

AIP 2007– Vancouver, Canada– p. 16



SampleDomain with Void
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Dashedlinesrepresentknit lines,dot-dashis foam/airinterface.Elliptical
pocket (5 mm)betweenknit linesis avoid. “+” marksthesignalreceiver.
Backwall is perfectconductor.
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2D WaveEquation
Weassumetheelectric�eld to bepolarizedin thez
direction,thusfor ~E = (0; 0; E) and~x = (x; y)

� (~x)
@2E
@t2 (t; ~x) � r �

�
1

� (~x)
r E(t; ~x)

�
= �

@Js

@t
(t; ~x)

where� (~x) and� (~x) = � 0 arethedielectric
permittivity andpermeability, respectively.

Js(t; ~x) = � (x)e� (( t� t0)=t0)4

;

wheret0 = tf =4 whentf is theperiodof the
interrogatingpulse.
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Boundary Conditions
Consider
 = [0; 0:1] � [0; 0:2]

� Re�ecting (Dirichlet) boundaryconditions(right)

[E ]x =0 :1 = 0

� First orderabsorbingboundaryconditions(left)

@E
@t

�

s
1

� (~x)� 0

@E
@x

�
�
�
�
�
x =0

= 0

� Symmetricboundaryconditions(top andbottom)
�

@E
@y

�

y=0 ;y =0 :2
= 0

Weusehomogeneousinitial conditionsE(0; ~x) = 0.
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Modeling Knit Lines/Void
� Thespeedof propagationin thedomainis

c(~x) =
c0

n(~x)
=

s
1

� (~x)� 0
;

wherec0 is thespeedin avacuumandn is the
index of refraction.

� Wemaymodelknit linesor avoid by changing
theindex of refraction,thuseffectively thespeed
in thatregion.
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2D Numerical Discretization

� Secondorder(piecewiselinear)FEM in space

� Secondorder(centered)FD in time

� Linearsolve (sparse)

� Preconditionedconjugate-gradient

(matrix-free)

� LU factorization

� Masslumping (explicit)

� Stair-steppingfor non-verticalinterfaces
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PlaneWaveSimulation

Sourcelocatedat x = 0, receiver at x = 0:03.
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PlaneWaveSignal
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Interrogatingsignalsimulatesasinecurve truncatedafteronehalf period.
Re�ectionsoff void areshown in inset.
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Picometrix T-Ray Setup

Notethenon-normalincidenceandability to focus.
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Oblique PlaneWaveSimulation

Sourcelocatedat x = 0, receiver at x = 0:03, but raisedto collectcenterof
planewave re�ection.
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Oblique PlaneWaveSignal
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Nearlyall of original signalreturnsevenwith anobliqueangleof incidence.
(Note: lastknit line removed.)
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FocusedWaveSimulation

Sourcemodeledusingscattered�eld formulationof point sourcere�ected
from elliptical mirror. Receiver locatedatx = 0:03. Notetopandbottom
boundaryconditionsarenow absorbing.
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FocusedWaveSignal
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Althoughre�ectionsoff of void arelarger, thetotalenergy thatreturnsis less
thantheplanewave simulation.
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Oblique FocusedWave

Sourcemodeledusingscattered�eld formulationof point sourcere�ected
from elliptical mirror. Receiver locatedatx = 0:03, but raisedto collect
centerof focusedwave re�ection.
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Oblique FocusedWaveSignal
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2D Void InverseProblem
� Assumewehavedata,Êi at timesti andx = x+

� Giventhewidth of anelliptical void w, wecan
simulatetheelectric�eld

� Estimatevoid width w by solvinganinverse
problem:

Find w 2 Qad suchthatthefollowing objective
functionis minimized:

J 1(w) =
1

2S

SX

i=1

jE(t i ; x+ ; w) � Êi j2:

Locationof x+ is crucial.
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Intensity of Data Collected

Intensityof datareceivedfrom non-normallyincident,planewave
interrogatingmaterialwith avoid. (Note: knit linesareignored,dashedline is
shown merelyto highlight locationof void.)
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Data Collectedat High Intensity
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Shown is thedifferencebetweendatareceivedfrom non-normallyincident,
planewave interrogatingmaterialwith andwithouta voidwhenreceiver
placedin high intensityregion. (Note: original signalpeakis shown for
reference.)
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ObjectiveFunction On Domain

Shown is asurfaceplot of theobjective functionatw = 0. Crossdenotesthe
locationof leastintensityin signalreceived.Notethatit correlateswith region
of greatestcontrastbetweenmaterialwith void andwithout.
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Data Collectedat Low Intensity
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Shown is thedifferencebetweendatareceivedfrom non-normallyincident,
planewave interrogatingmaterialwith andwithouta voidwhenreceiver
placedin low intensityregion. Amplitudeof differenceis doubled.
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Domain with Obstacle

Consideradomainwith anopaqueobstaclein front of a void.

AIP 2007– Vancouver, Canada– p. 36



Intensity of Data Collected

Intensityof datareceivedfrom interrogatingamaterialwith anobstaclein
front of a void. Locationsfor receiver thatwereconsideredaredirectlyabove
blackarea,anddirectlybelow(i.e., (:03,:1)).
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Data CollectedBelow

0.1 0.2 0.3 0.4 0.5 0.6

�1

�0.5

0

0.5

1

t (ns)

E

Signal received below black region (x=0.03)

0.5 0.55 0.6 0.65
�1

�0.5

0

0.5

1
x 10

�3

Shown is thedifferencebetweendatareceivedfrom non-normallyincident,
planewave interrogatingmaterialwith andwithouta voidwhenreceiver
placedbelowtheinvisible region. (Note: original signalpeakis shown for
reference.)

AIP 2007– Vancouver, Canada– p. 38



ObjectiveFunction On Domain

Shown is asurfaceplot of theobjective functionatw = 0. Thecrossdenotes
thelocationdirectlyabovetheinvisible region. Notethatit correlateswith
region of greatestcontrastbetweenmaterialwith void andwithout.
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Data CollectedAbove
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planewave interrogatingmaterialwith andwithouta voidwhenreceiver
placedaboveinvisible region. Amplitudeof differenceis two ordersof
magnitudelarger.
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J – ObjectiveFunction
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InverseProblemResults
� Withoutobstacles,receiverplacementshouldbe

in regionof low intensityfor highestcontrast
(intensityis low dueto void).

� With obstacles,receiverplacementshouldbeat
interfacebetweenregionsof low andhigh
intensityfor highestcontrast(intensityis low due
to obstacle).

� With properplacementof receiver, LM converges
to minimumof J after12 iterations

� Eachforwardsolve is 1:5 hours
� Thisdoesnot incorporatenoise(SNR� 100:1)
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Concluding Remarks

With currentpowersourcesanddetectiondevices,

re�ectionsfrom thefront surface,voids,andknit lines

aredif�cult to detect.Thus,for now, informationis

collectedfrom thetotal re�ection off thealuminum

backing.Morework needsto bedoneto match

simulationsto thisdata,includingaddingattenuation

dueto scatteringandusingdatato generatethe

simulatedsource.
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Continuing Dir ections
� ModelingApproaches

� Microscalescatteringmodel
� Matchattenuationobservedin data

� ComputationalMethods
� Edgeelements
� ABC/PML
� Fastertime-marching(time-splitting)

� QuantifyRobustnesswrt Uncertainty
� Materialproperties
� Geometry
� Interrogatingsignal
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