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G

ElectricalG capacitanceG tomographyG (ECT)G isG aG non-invasiveG

measurementG technology,GwhichG isGusedGtoGacquireG spatialGdistributionG

information.GItGhaveGapplicationGinGmanyGfieldsGfromGfoodGindustryGtoGoilG

andG gasG andG especiallyG toG biomedicalG engineeringG andG two-phaseG

measurements.GDefiningGpotentialGdistributionGandGsensitivityGmapGisGoneG

ofG theGprimaryGproblemsGassociatedG toGECTGsystems.GAGcomputationalG

procedureGbasedGonGFEMGisGgivenGinG thisG textG thatGcouldGcalculateGtheG

sensitivityG inGaGshortGtime.GAllGderivedGequationsGareGappliedGinGaGcaseG

studyGcircularGphantomGandGpotentialG distributionGandGsensitivityGmapsG

areG obtainedG respectively.G TheG resultsG showG theG robustnessG ofG theG

derivedG equationsG andG sketchedG mapsG areG shownG goodG symmetryG inG

circularGmedium.GG

G

G ElectricalG capacitanceG tomography,G FiniteG elementG

method,GSensitivity,GPotentialGdistribution,GstiffnessGmatrix.G
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G

 
ElectricalG capacitanceG tomographyG (ECT)G isG aG noninvasiveG imagingG

technique,GwhichGisGusedGtoGacquireGspatialGdistributionGinformationGfromG

inaccessibleG objectsG inG orderG toG monitorG industrialG processes.G ECTG

technologyGattemptsGtoG reconstructG theGpermittivityGdistributionGofGtheG

cross-sectionG viaG anG appropriateG reconstructionG algorithmG fromG theG

capacitanceGmeasurementGdataG[1].GG

GECTG hasG manyG potentialG applicationsG inG monitoringG ofG two-phaseG

permittivityGapplicationG[2].GECTGsystemsGhaveGbeenGextensivelyGusedGinG

industryG forG monitoringG non-conductiveG processesG inG oil,G gasG andG

chemicalGindustriesG[3].GTheGconceptGofGECTGwasGessentiallyGevolvedGinG

1980’sG asG aG novelG method.G TheG mostG successfulG applicationG ofG ECTG

includes,G imagingG ofG gas/liquidG mixtureG inG oilG pipeline,G pneumaticG

conveying,GfluidizedGbedsGandGflameGcombustionG[4].GG

AnyGECTGsystemGconsistsGofGsomeGelectrodesGusuallyGinGperipheralGofG

aGcylindricalGphantomGtoGmeasureGcapacitanceGinGaGdesignedGpattern.GTheG

imagingGalgorithmGconsistGofGforwardGandGinverseGproblemsGthatGdefiningG

theGsensitivityGmapGisGessentialGforGcalculation.G

InG2DGanalysis,GtheGsensitivityGdistributionGisGessentiallyGaGmapGofGtheG

sensorGresponseGtoGaGsmallGindividualGareaGofGhighGpermittivityGmaterialG

inGaGlowGpermittivityGbackgroundGasGitGpositionedGthroughoutGtheGsensingG

area.GCorrespondingly,GinG3DGanalysis,GaGsmallGindividualGvolumeGofGhighG

permittivityGmaterialG inG aG lowGpermittivityGbackgroundGasG itG positionedG

throughoutGtheGsensingGvolume.G

TheGsensitivityGdistributionsG(orGmaps)GcanGbeGobtainedGbyGphysicalG

measurementG orG byG finiteG elementG (FE)G analysis.G ThereG areG severalG

disadvantagesGdifficultG toGovercomeGwithGtheGmeasurementGmethod:G (i)G

ManyG measurementsG areG required;G (ii)G TheG testG setG upG requiresG

modificationGtoGinvestigateGanyGchangeGinGphysicalGparameters;G(iii)TheG

numberGofGmeasurementGpointsGareGratherGlimitedGforGtheGtestGprobeGsizeG

mustGbeGbigGenoughGtoGensureGtheGcapacitanceGchangesGareGdetectable;G
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(iv)ItGisGveryGdifficultGtoGpositionGaGshortGtestGprobeGinGaGcertainGpositionG

inG theG 3DG sensingG fieldG andG notG bringG influenceG toG theGmeasurement.G

ConsequentlyGmostGinvestigatorsGpreferGtheGcalculationGmethodGusingGaG

FEG softwareG package.G TheG calculationG ofG sensitivityG mapsG isG timeG

consuming,GespeciallyGinG3GdimensionG[5].G

So,G theG mainG goalG ofG thisG studyG isG toG introduceG aG sensitivityG mapG

generationG methodologyG basedG onG FEM.G DiscretizationG andG modelingG

potentialGdistributionGisGanotherGobjectGofGthisGmanuscript.G

G

 

UsuallyG toG mostG well-knownG approachesG usedG forG potentialG

distributionG calculationG andG sensitivityG mapG derivation.G TheseG twoG

approachesG areG FiniteG ElementG methodG (FEM)G andG FiniteG DifferenceG

MethodG (FDM).G AccordingG toG reviewedG papers,G TheG FEM-basedG

calculationGisGdefinitelyGmoreGcomplicatedGthanGFDMGbutGprovidesGgoodG

accuracyG[6].GSoGthisGtextGisGorganizedGaccordingGtoGFEMGforGsensitivityG

mapGderivation.GG

TheGfiniteGelementsGanalysisGofGanyGproblemGinvolvesGbasicallyGfourG

steps:G (A)GdiscretizingG theG solutionG regionG intoGaG finiteGnumberGofG subG

regionsG orG elements,G (B)G derivingG governingG equationsG forG aG typicalG

element,G(C)GassemblingGallGtheGelementsGinGtheGsolutionGregion,GandG(D)G

solvingGtheGsystemGofGequationsGobtained.G

AccordingGtoGFig.G(1),GdiscretizationG isGdividingGtheGwholeGregionGofG

interestGinGtoGsomeGtriangularGorGrectangularGsectionsGcalledGelement.G
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G

FigG1)GTheGareaGisGdiscretizedGtoG8GelementsGwithG9GnodesG

G

SinceG inG ECTG systems,G PotentialG isG appliedG inG electrodesG inG theG

boundary,GtheGaimGisGtoGseekGanGapproximationGforGtheGpotential,GVeGwithinG

anGelementG‘e’GandGthenGinterrelateGtheGpotentialGdistributionsGinGvariousG

elementsG suchG thatG theG potentialG isG continuousG acrossG interG elementsG

boundaries.GTheGapproximateGsolutionsGforGtheGwholeGregionGisG[7]:G

GGGGGGGGG(1)G

WhereGNGisGtheGnumberGofGtriangularGelementsGintoGwhichGtheGsolutionG

regionGisGdivided.GTheGmostGcommonGformGofGapproximationGforGVe,GwithinG

anGelementGisGpolynomialGapproximation,Gnamely;G

GGGGGGGGGGGG(2)G

forGtriangularGelementGand;G

GGGGGGGGGG(3)G

forG aG quadrilateralG element.G AsG assumptionG ofG linearG variationG ofG

potentialGwithinG theG triangularGelementsG isGsameGasGassumingG thatG theG

electricGfieldGisGuniformGwithinGtheGelement.G
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TheG nextG stepG inG FEMG isG derivingG equationsG forG anG element.G

ConsideringGaGtypicalGtriangularGelement,GasGshownGinGFig.G(2).G

G

G
FigG2)GtypicalGtriangularGelementG

G

TheGpotentialGVe1,GVe2GandGVe3GatGnodesG1,G2,G3,Grespectively,GareG

obtainedGbyGusingGEq.G(2);GthatGisG

GGGGGGGGG(4)G

TheGcoefficientsGa,Gb,GcGisGdeterminedGfromGaboveGequationGas:G

GGGGGGGGGGGG(5)G

TheGinverseGofGaGtypicalGmatrixGAGisGdefinedGas:GG

ଵିܣ =  ଵ
ୢୣ୲ (஺)

. GGGGGGGGG(6)G(ܣ)݆݀ܣ

WhereGAdj(A)GisGadjugateGofGmatrixGA.GButGformulaGforGtheGareaGofGaG

triangleGusingGdeterminantsGisGas:G
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GGGGGGGGGGG(7)G

So;Gdet(A)G=G|A|G=G2*Gtriangle_areaG=G2AG

G

And;G

Adj(A)G=GAdj(൥
1 1ݔ 1ݕ
1 2ݔ 2ݕ
1 3ݔ 3ݕ

൩) → ்ܣ =  ൥
1 1 1

1ݔ 2ݔ 3ݔ
1ݕ 2ݕ 3ݕ

൩G

Adj(A)G=G൥
.2ݔ 3ݕ − .3ݔ 2ݕ .3ݔ 1ݕ − .1ݔ 3ݕ .1ݔ 2ݕ − .2ݔ 1ݕ

2ݕ − 3ݕ 3ݕ − 1ݕ 1ݕ − 2ݕ
3ݔ − 2ݔ 1ݔ − 3ݔ 2ݔ − 1ݔ

൩G

substitutingGthisGinGEq.G(5)Ggives;G

ቈ
ܽ
ܾ
ܿ

቉ =  ଵ
ଶ.஺

 ൥
.2ݔ 3ݕ − .3ݔ 2ݕ .3ݔ 1ݕ − .1ݔ 3ݕ .1ݔ 2ݕ − .2ݔ 1ݕ

2ݕ − 3ݕ 3ݕ − 1ݕ 1ݕ − 2ݕ
3ݔ − 2ݔ 1ݔ − 3ݔ 2ݔ − 1ݔ

൩ . ൥
ܸ݁1
ܸ݁2
ܸ݁3

൩GGGGGGGGG(8)G

AccordingGtoGEq.G(2),GwhereGV(x,y)G=GaG+Gb.xG+Gc.yGgives;G

G

V(x, y) =  ሾ1  x  yሿ
1

2. ܣ  ൥
.2ݔ 3ݕ − .3ݔ 2ݕ .3ݔ 1ݕ − .1ݔ 3ݕ .1ݔ 2ݕ − .2ݔ 1ݕ

2ݕ − 3ݕ 3ݕ − 1ݕ 1ݕ − 2ݕ
3ݔ − 2ݔ 1ݔ − 3ݔ 2ݔ − 1ݔ

൩ . ൥
ܸ݁1
ܸ݁2
ܸ݁3

൩G

G

=  ଵ
ଶ.஺

 ቎
.2ݔ) 3ݕ − .3ݔ (2ݕ + 2ݕ) − ݔ(3ݕ + 3ݔ) − ݕ(2ݔ
.3ݔ) 1ݕ − .1ݔ (3ݕ + 3ݕ) − ݔ(1ݕ + 1ݔ) − ݕ(3ݔ
.1ݔ) 2ݕ − .2ݔ (1ݕ + 1ݕ) − ݔ(2ݕ + 2ݔ) − ݕ(1ݔ

቏

்

 . ൥
ܸ݁1
ܸ݁2
ܸ݁3

൩GGGGGGGGGGGGGGG(9)G

G

So,GV(x,Gy),GpotentialGinGanyGpointGofGelementGisGas;G

GGGGGGGGG(10)G

G
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TheG valueG ofG AG isG positiveG ifG theG nodesG areG numberedG

counterclockwise.GAboveGequationGgivesGtheGpotentialGatGanyGpointGwithinG

theGelement,GprovidedGtheGpotentialsGatGtheGverticesGareGknown.GWhereGαiG

isGgivenGasG[7];G

ە
ۖ
۔

ۖ
1ߙۓ =  ଵ

ଶ.஺
.2ݔ) 3ݕ − .3ݔ (2ݕ + 2ݕ) − ݔ(3ݕ + 3ݔ) − ݕ(2ݔ

2ߙ = ଵ
ଶ.஺

.3ݔ) 1ݕ − .1ݔ (3ݕ + 3ݕ) − ݔ(1ݕ + 1ݔ) − ݕ(3ݔ

3ߙ =  ଵ
ଶ.஺

.1ݔ) 2ݕ − .2ݔ (1ݕ + 1ݕ) − ݔ(2ݕ + 2ݔ) − ۙݕ(1ݔ
ۖ
ۘ

ۖ
ۗ

 GGGGGGGG(11)G

SoGinG termsGofGnodalGcoordinates,GtheGPotentailGYij,GbetweenGnodeGiG
andGnodeGjGisGdeterminedGbyGtheGtriangle-to-networkGconversionGasGG

[8],G[7],G[9],G[10];G

GGGGGGG(12)G

withGb1=Gy2-Gy3,Gb2=Gy3G–Gy1,Gb3G=Gy1G–Gy2GandGc1G=Gx3G–Gx2,Gc2G=Gx1G
–Gx3,Gc3G=Gx2G–Gx1.GGWhereG(xi,Gyi)G(GiG=G1,2,3)GdenotesGaGcoordinateGofG
eachGnode.GAeG indicatesG theGareaGofGanGelementGandGɛrG isGtheGelementG

permittivity.G

WithGY11G=G-GY12G–GY13,GY22G=G-GY21G–GY23,GY33G=G-Y31G–GY32,GYijG

=GYji.G

StiffnessGmatrixGforGaGtypicalGelement,Ge,GshownGinGtheGFig.G(3),GgivenG

asG[8];GG

GGGGGGGGGGG(13)G

TheG thirdG stepG inG FEMG isG assemblingG allG theG elements.G TheG twoG

elementGmeshGofGFig.G(3)GisGusedGtoGillustrateGtheGassemblingGofGtheGglobalG

admittanceG matrix.G TheG masterG matrixG YG isG assembledG withG theG

permittivityGbetweenGadjacentGelementsGaddingGinGparallelGasGinGFig.G(3).G

TheseGtwoGelementsGshareGnodesG2GandG4,GhoweverGY24GwillGbeGdifferentG
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forGeachGtriangleGsinceGtheGpermittivity,Gɛ,GandGtheGgeometryGisGdifferentG
forGeachGelement.GG

G

FigureG3)GConnectionGofGtwoGelementsG

G

ForGtheGmeshGofGFig.G(3),GtheGlocalGmatricesGare:G

GGG

i,jG∈G[1,G2,G4]GareGtheGglobalGnodeGindicesGforG

elementG1G

G

i,jG∈G[2,G3,G4]GareGtheGglobalGnodeGindicesGforG

elementG2G

 

TheseGtwoGmatrixesGareGcombinedGasGfollows;G

G

AllGofGdiscretizedGelementsGinGtheGcross-sectionalGareaGareGassembledG

accordinglyGtoGformGtheGglobalGadmittanceGmatrix.GThereforeGforGFig.G(1),G

theG globalG admittanceGmatrixGwouldG beG aG squareG 8*8Gmatrix.G InG largeG

globalGadmittanceGmatrixes,GmostGarraysGareGzero.GG

TheGfinalGstepGinGFEMGisGsolvingGtheGresultingGequations.GTheGenergyG

associatedGwithGtheGassemblageGofGallGelementsGinGtheGmeshGisG[7]:G
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GGGGGGGGG(14)G

andG

GGGGGGGGGGG(15)G

whereGnG isGtheGnumberGofGnodes,GNG isGtheGnumberGofGelements,GandG

[C]GisGcalledGtheGoverallGorGglobalGcoefficientGmatrixG(itGisGshownGbyG‘Y’G

inGsomeGtexts),GwhichGisGtheGassemblageGofGindividualGelementGcoefficientG

matrices.G

IfGallGfreeGnodesGareGnumberedGfirstGandGtheGfixedGnodesGlast,GEq.G(14)G

canGbeGwrittenGsuchGthat;G

GGGGGGGGG(16)G

WhereG subscriptsG fG andG p,G respectively,G referG toG nodesG withG freeG

(nodesGthatGtheirGpotentialGisGunknown)GandGfixedG(orGprescribedGorGnodesG

withGdefinedGpotentialGinGboundary)Gpotentials.GSinceGVpGisGconstant,GweG

differentiateGonlyGWithGrespectGtoGVf,Gyields;GG

G

WG=G
ଵ
ଶ

.ሿ݌ܸ   ሾܸ݂ ߝ  ൤݂݂ܥ. ܸ݂ + .݌݂ܥ ݌ܸ
.݂݌ܥ ܸ݂ + .݌݌ܥ ൨G݌ܸ

=  
1
2 .݂ܸ)  ߝ  .݂݂ܥ) ܸ݂ + .݌݂ܥ (݌ܸ + .݌ܸ .݂݌ܥ) ܸ݂ + .݌݌ܥ G((݌ܸ

డௐ
డ(௏௙,௏௣)

= 0 → .݂݂ܥ  ܸ݂ + .݌݂ܥ ݌ܸ = 0 → ሾ݂݂ܥሿሾܸ݂ሿ =  −ሾ݌݂ܥሿሾܸ݌ሿGGGGGG(17)G

ThisGcanGbeGwrittenGas;GG

[ ][ ]G=G[ ]G

[ ]G=G[ ]-1G[ ]GGGGGGGGGGGGGGGGGGGGG(18)G

whereGGG[ ]G=G[ ff],G[ ]G=G[ f]GandG[ ]G=G-G[ fp][ p]G
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SinceG[A]Gis,GinGgeneral,Gnon-singular,GtheGpotentialGatGtheGfreeGnodesG

canGbeGfoundGbyGusingGEq.G(9).GTheG“1/2”GisGremovedGfromGtwoGsidesGofG

equationG(18)GwhenGdifferentiation.GG

G

ToGgenerateG2DGsensitivityGmapGbasedGonGtheGearlierGcalculations,GaG

cylindricalG phantomG isG consideredG asG aG desiredG medium.G TheG cross-

sectionalGareaGofGthisGphantomGisGdiscretizedGtoG576GelementsGasGshownG

inGtheGFig.G(4)GwithG8GelectrodesGonGtheGperimeter.GG

G

FigureG4)GDiscretizationGofGphantomGcross-sectionG

InG soft-fieldG tomographyG (e.g.G ECT),G sensitivityG mapsG needG toG beG

generatedGbeforeGimagingG[11].GTheGmostGusefulGformGisGtoGproduceGtheG

capacitanceGreadingsGofGeachGelectrodeGpairGwhenGaGsingleGtestGpixelGofG

highGpermittivityGisGmovedGtoGcoverGtheGwholeGimagingGareaGagainstGaGlowG

permittivityG background.G CapacitanceG sensitivityG distributionsG (i.e.G

sensitivityGmaps)G forGeachGelectrodeGpairG canGbeGproducedGfromGtheseG

dataG[12].GThereGareGtwoGprincipalGmethodsGofGobtainingGtheGdata:G

(1)GBasedGonGphysicalGcapacitanceGmeasurementsG

(2)GByGiterativeGcalculationsGbasedGonGpotentialGdistributions.G

TheGfirstGmethodG(experimental)GisGbasedGonGplacingGaGtestGobjectGatG

eachG pixelG positionG inG turnG andG measuringG theG resultantG changeG inG

capacitanceGofGeachGelectrodeGpair.G
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BecauseG theG definitionG ofG theG sensitivity-mapG isG theG permittivityG

changeGinGeachGelementGcausingGtheGchangeGinGcapacitance,GtheGfunctionG

isGgivenGby:G

GGGGGGGGGGG(19)G

whereG Sij(k)G isG theG sensitivityG ofG eachG element,G ɛHG andG ɛLG areG theG
permittivityGvaluesGwithGhigherGandGlowerGpermittivityGmedium,GCki,jGisGtheG

capacitanceGmeasurementGfromGkGthGelementGwithGhigherGpermittivity,GbutG
allGothersGelementsGwithGlowerGpermittivity,GCHi,j,GmeansGtheGcapacitanceG
valueGwithGallGelementsGhavingGhigherGpermittivity,GCLi,jGGisGsimilarGtoGC

H
i,jGG

butGwithGlowerGpermittivity,GAGisGtheGcrossGsectionGofGtheGsensorGandGA(k)G
isGtheGareaGofGeachGpixel.G

TheG secondG methodG isG toG useG theG potentialG distributionsG EG =G -

grad(ϕ(x,y))G toG calculateG theG sensitivity-map.G WhenG aG voltageG ViG isG
appliedGtoGtheGithGelectrode,GtheGpotentialGdistributionsGareGcomputedGusingG

FEM/FDM.GForGanG8-electrodeGsensor,GtheGcapacitanceGCijGbetweenGtheG

ithGandGjthGinGelectrodeGpairGcanGbeGcalculatedGfromGtheGfieldGdistributionsG

andG finallyG theG sensitivity-mapG Si,j(x,y)G canG beG obtainedG byG anG

approximationGmethod,GexpressedGbyGequationG(20)GinGgradientGformatGofG

electricGfieldGinGLaplaceGequation:G

GGGGGGGGGGGG(20)G

whereG∂ϕi/∂xGisGtheGgradientGvalueGofGpotentialGEi(x,y)GwithGelectrodeG
iGinGXGvector,GandG∂ϕi/∂yGisGtheGgradientGvalueGofGpotentialGEi(x,yG)GwithG
electrodeG iG inG YG vector.G TheG gradientG valuesG ofG potentialG Ei(x,y)G areG
∂ϕj/∂xGandG∂ϕj/∂yG[13].G

693



  

13th Iranian National Congress 
on Biosystems Engineering and 

Mechanization 
15-17 September 2021

  
 

12 
 

ForGallGexcitationsGtheGdistributionGofG theGpotentialsGisGcomputedGbyG

FEM,GandGthen,GinGtheGcentreGofGeveryGpixelGofGtheGmapGtheGvectorG isG

foundGusingGE=G-gradGV.GTheGelectricG fieldG intensityGvectorsGforGeveryG

caseGofGexcitationGareGstoredGandGthenGusedGtoGcomputeGtheGsensitivities.G

TheGnumberGofGrowsGinGtheGsensitivityGmatrixG isGequalGtoGtheGnumberGofG

theGmutualGcapacitancesGNG=Gn(nG–G1)/2G.GTheGnumberGofGcolumnsGofG isG
equalGtoGkG–GtheGnumberGofGpixelsGinGtheGimage,GasGgivenGinG[14]GandG[15].G

So,G toG calculateG theG sensitivityG matrix,G potentialG inG anyG pointG ofG

elementGisGcalculatedGfromGEq.G(10);G

߲∅݅
ݔ߲ =  

1
2ݕ)) ܣ2 − .(3ݕ ଵܸ

௘௜ + 3ݕ)  − .(1ݕ ଶܸ
௘௜ + 1ݕ) − .(2ݕ ଷܸ

௘௜)G

G

డ∅௜
డ௬

=  ଵ
ଶ஺

3ݔ))  − .(2ݔ ଵܸ
௘௜ + 1ݔ)  − .(3ݔ ଶܸ

௘௜ + 2ݔ) − .(1ݔ ଷܸ
௘௜)GGGGGGGG(21)G

G

whereGVei1,GV
ei
2GandGV

ei
3GareGpotentialGatGnodesG1,G2GandG3GofGelementG

‘e’GwhenGithGelectrodeGisGasGsourceGandGlastGelectrodesGareGsink.G

௜ܵ,௝(ݔ, (ݕ

=  
−1

ܸ݅. ܸ݆ ර

ۏ
ێ
ێ
ێ
ێ
ێ
ێ
ۍ

1
2ݕ)ቀ ܣ2 − .(3ݕ ଵܸ

௘௜ + 3ݕ)  − .(1ݕ ଶܸ
௘௜ + 1ݕ) − .(2ݕ ଷܸ

௘௜ቁ ∗

 
1

2ݕ)ቀ ܣ2 − .(3ݕ ଵܸ
௘௝ + 3ݕ)  − .(1ݕ ଶܸ

௘௝ + 1ݕ) − .(2ݕ ଷܸ
௘௝ቁ +

1
3ݔ)ቀ ܣ2 − .(2ݔ ଵܸ

௘௜ + 1ݔ)  − .(3ݔ ଶܸ
௘௜ + 2ݔ) − .(1ݔ ଷܸ

௘௜ቁ ∗
1

3ݔ)) ܣ2 − .(2ݔ ଵܸ
௘௝ + 1ݔ)  − .(3ݔ ଶܸ

௘௝ + 2ݔ) − .(1ݔ ଷܸ
௘௝) ے

ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ې

௣(௫,௬)
Gݕ݀ ݔ݀ 

G

= ିଵ
ସ஺.௏௜.௏௝  

ۏ
ێ
ێ
ێ
ێ
ۍ  ቀ(2ݕ − .(3ݕ ଵܸ

௘௜ + 3ݕ)  − .(1ݕ ଶܸ
௘௜ + 1ݕ) − .(2ݕ ଷܸ

௘௜ቁ ∗

  ቀ(2ݕ − .(3ݕ ଵܸ
௘௝ + 3ݕ)  − .(1ݕ ଶܸ

௘௝ + 1ݕ) − .(2ݕ ଷܸ
௘௝ቁ +

 ቀ(3ݔ − .(2ݔ ଵܸ
௘௜ + 1ݔ)  − .(3ݔ ଶܸ

௘௜ + 2ݔ) − .(1ݔ ଷܸ
௘௜ቁ ∗

3ݔ))  − .(2ݔ ଵܸ
௘௝ + 1ݔ)  − .(3ݔ ଶܸ

௘௝ + 2ݔ) − .(1ݔ ଷܸ
௘௝) ے

ۑ
ۑ
ۑ
ۑ
ې
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G

AfterGderivationGofGsensitivityGmatrixGitGwouldGbeGnormalizedGtoGreduceG

noiseGimpactsGinGanyGconditions.GTheGnormalizedGsensitivityGmatrixGSGcanG

beGcalculatedGfromGmatrixGsGasGfollow.G

GGGGGGGGGGGGG(23)G

whereG SmnGandGsmnG denoteG theG elementsG inG theGm
thG rowG andG theG nthG

columnGofGNG×MGmatrixGSGandGNG×MGmatrixGs,GrespectivelyG[16].GActuallyG

theGdenominatorGisGsumGofGeachGrow.G

AllG simulationsG including;G regionG discretizing,G potentialG distributionG

mapsGandG sensitivityGmapsG derivationG areG performedG inG anG applicationG

program,GwrittenGinGC#.GG

 
  

ToGevaluateGtheGsystemGresponseGandGtoGderiveGpotentialGdistributionG

andGsensitivityGmap,GitGisGappliedG1GvoltsGonGincentiveGelectrodeGandGallG

theGotherGelectrodesGareGgroundedGbyG0Gvolts.G

TheGsimulationGofGsingle-planeGsensorGwillGhelpGtoGanalyzeGtheGderivedG

equationsG inG theG lastG section.G TheG permittivityG distributionG inG theG

simulationsGisGselectedGtoGsuitGtheGexperimentalGsetup.GApproximatelyG4G

mmGisGconsideredGasGpipeGthicknessGandGtheGremainingGareaGisGconsideredG

asGaGphantomGwithGinternalGdiameterGofGaboutG200Gmm.GOneGouterGlayerG

elementsGthatGisGconsideredGasGpipe,GareGtakenGwithGpermittivityGofGɛr=3.GG
ThreeGmediumsGwereGsimulatedGwithinG theG sensingG zone;G firstG sensingG

regionG consideredG withG airG i.e.G emptyG pipeG (εrG =G 1),G secondG itG isG
consideredG toGbeG fullG filledGwithG typicalG cerealG (εrG=G5)GandG thirdGwithG
deionisedGwaterG(εrG=G80)Grespectively.GFig.G5GdepictsGtheGelectricalGfieldG
distributionG ofG singleG excitedG electrodeG inG caseG forG 2DG simulation.G ItG

specifiesG thatG theGareaGwhichG isG closerG toG theG electrodeG possessG highG

voltageG andG intenseG equipotentialG regions.G FromG theG postG processingG

result,G theG potentialG andG mediaG distributionG hasG beenG obtainedG onG theG
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sensitiveGfieldGofGtheGsensingGregionGasGshownGinGFig.G5(a),G5(b)GandG5(c)G

subsequently.G

TheGresultGdemonstratesGtheGdistributionGofGpotentialGi.e.G1GVGatGonlyG

singleGenergizedGelectrodeGandGleftoverGretainingGatGzeroGpotentialG(i.e.GφG

=G0V).GFromGtheGfigure,GblueGcolorGsignifiesGtheGregionGwithGnoGpotentialG

(nearG toG zero).G However,G theG areaG withG distinctG colorsG denotesG theG

sensingGregionGwithGdiverseGelectricGpotentialG(i.e.GwhereGtheGfieldGcanGbeG

sensitive).G AG regionG closeG toG aG sourceG electrodeG depictsG aG significantG

distributionGofGpotential.GG

G

FigureG5)GPotentialGdistributionGmapGwhenGtheGelectrodeG1GisGasG

sourceGelectrodeGandG(a)Gɛr=1,G(b)Gɛr=5,G(c)Gɛr=80. 

G

ToG obtainG sensitivityG mapG ofG ECTG system,G theG highG permittivityG isG

consideredG asG ɛhigh=5G andG theG backgroundG orG lowG permittivityG asG air,G
ɛlow=1.GGFigureG(6)GshowsGtheGsensitivityGmapGforGsomeGelectrodeGpairs G
FromGthisG figure,GweGcanGseeGthatGtheGsensitivityGvalueGforGadjacentG

electrodeGpairG1-2GisGveryGhigh.GForGtheGotherGelectrodeGpairsG1-3,G1-4G

andG1-5,G1-6,G1-7GandG1-8GtheGsensitivityGisGhighGnearGtheGframeGwall,G

whileGtheGsensitivityGshowsGnegativeGvaluesGfarGfromGtheGpathGbetweenG

twoGelectrodes.GTheGsensitivityGvalueGisGnormalizedGbeforeGdrawingGasGaG

map.G InG theG Fig.G (6),G theG sensitivityG isG illustratedG onlyG whenG oneG ofG

electrodesG isGelectrodeG1.GHowever,G thisGprocessGwillGbeG repeatedGforG

eachGelectrodeGuntilG allG 28GprojectionsGareGmeasured.GAsGaG result,G theG

electricG fieldG distributionG ofG theG projectionG beamG fromG oneG sensorG toG

anotherG willG beG intensifiedG asG inG Fig.G (6).G ItG showsG theG generatedG

sensitivityGmapGforGtheGpermittivityGdistributionGforGelectrodeGe1-e5,G…,G
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andG e1-e8.G OtherG sensitivityG mapsG thatG areG notG shownG here,G willG beG

similarGtoGoneGofGtheseGsevenGillustratedGmaps.G

TheGotherGprojectionsGfromGanGexcitationGelectrodeGeiGtoGtheGdetectorsG
ejG areG notG depictedG here.G SinceG theG circularG electrodeG positionsG areG
symmetrical,GonlyG28GindependentGprojectionsGareGrequired.G

FromGFig.G(6),GitGisGobservedGthatGtheGsensitivityGfieldGisGnon-uniformlyG

distributedGoverGtheGmediumGofGinterest.GTheGsensitivityGisGhigherGwithinG

theGareaGcloserG toG theGexcitationGandGdetectionGelectrodeGpair.GOnG theG

otherGhand,GitsGsensitivityGisGmuchGlowerGinGtheGcenterGregion.GTherefore,G

theGdrawbackGofGthisGsoft-fieldGeffectGwillGaffectGtheGmeasurementsGonG

theGcenterGregion.G

SensitivityGmatrixGconsistsGsomeGpositiveGandGnegativeGnumbersGasG

wellG as.GAccordingG toG Fig.G (6),G allG positiveG andG negativeG numbersG areG

illustratedGcontinuouslyGbyGaGcolorGcolumnGfromGredGtoGblue.GG

DependingGonGdiscretizedGelementGnumbersGandGelectrodeGnumbersGasG

well,GtheGsensitivityGmapGcomputingGisGveryGtimeGconsumingGprocedure,G

especiallyGinG3DGECT.GHowever,GalthoughGincreasingGnumberGofGelementsG

insideGphantom,GwouldGincreaseGprecisionGandGresolutionGofGimage,GbutGitG

wouldGcauseGveryGhighGprocessingGloadGonGtheGPC’sGCPU.GThisGwouldGbeG

anGimportantGproblemGinGonlineGcases.G

G
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G

FigureG6)GSensitivityGmapGforGelectrodeGpairsGofGe1-eiG(2≤i≤8).G

G

 
ECTGbasedGmeasurementGsystemsGareGnon-invasiveGinstrumentsGandG

haveGapplicationG inGmanyG fieldsG fromGfoodG industryG toGoilG andGgasGandG

two-phaseGmeasurements.GDefiningGpotentialGdistributionGandGsensitivityG

mapG isG oneG ofG theG primaryG problemsG associatedG toG ECTG systems.G AG

computationalGprocedureGbasedGonGFEMGisGgivenGinGthisGtextGthatGcouldG

calculateGtheGsensitivityGinGaGshortGtime.GAllGderivedGequationsGareGappliedG

inGaGcaseGstudyGcircularGphantomGandGpotentialGdistributionGandGsensitivityG

mapsGareGobtainedGrespectively.GTheGresultsGshowGtheGrobustnessGofGtheG
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derivedG equationsG andG sketchedG mapsG areG shownG goodG symmetryG inG

circularGmedium.GG

G
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