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!BSTRACT�'UIDEDELASTICWAVESINTHEFREQUENCYRANGEOFAFEWHUNDREDK(Z�GENERATEDANDDETECTEDBYAPPRO
PRIATETRANSDUCERARRAYS�AREUSEDTOMONITORTHESTRUCTURALINTEGRITYOFPIPESBYCOMPARINGTHEIRACTUALSTATEWITH
APREDEFINEDREFERENCESTATE�&ORTHESEPURPOSES�THEORETICAL�NUMERICAL�ANDEXPERIMENTALRESULTSARECOMBINEDTO
STUDYGUIDEDWAVEPROPAGATIONANDWAVEINTERACTIONWITHRELEVANTDEFECTSINDETAIL�"ASEDONTHESEFINDINGS�A
GUIDEDWAVEBASEDMULTICHANNELSTRUCTURALHEALTHMONITORING�3(-	SYSTEMISDESIGNEDANDAPPLIEDTOIDENTIFY
ANDMONITORSTRUCTURALDEFECTSINVARIOUSPIPINGCOMPONENTS�4HEPOTENTIALUSEOFSYNTHETICAPERTURETECHNIQUES
ISDISCUSSEDYIELDINGSPATIALDISTRIBUTIONSOFDAMAGEPARAMETERSALONG THEPIPE�4HERESULTS REVEAL THATGUIDED
WAVEBASED3(-IN THEK(ZFREQUENCYREGIMEHASGREATPOTENTIAL FORONLINEMONITORINGOFPIPINGSYSTEMS� )T
COMBINESIMAGINGTECHNIQUESWITHLONGRANGEDETECTIONCAPABILITIESANDTHEREFORECLOSESTHEGAPBETWEENLOCAL
HIGHFREQUENCY.$%ONTHEONEHANDANDGLOBALLOWFREQUENCYVIBRATIONANALYSISONTHEOTHERHAND�
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-ANYPIPESANDPIPINGSYSTEMSAREPARTLYORTOTALLYINACCESSIBLEFROMTHEOUTSIDE�E�G�BYBE
INGISOLATED� LYINGUNDERWATER�ORBEINGBURIEDINSOIL�4HEREFORE� IT ISNOTPOSSIBLETODETECT
DEFECTS LIKECRACKSORCORROSIONWITHOUTREMOVINGTHEISOLATIONORUNCOVERINGTHEPIPEITSELF
WHICHISVERYCOSTLYANDINMANYCASESUTTERLYIMPOSSIBLE�&ORTHESEKINDSOFPROBLEMSLONG
RANGE INSPECTIONSYSTEMSARENEEDED�&ORCORROSION TESTINGOFAREASOF LIGHTPOLESANDPIPES
ULTRASONIC BASED TESTING SYSTEMS ARE ALREADY AVAILABLE �E�G�;��=	�(OWEVER� THE SYSTEMS IN
THEIRPRESENTFORMARENOTVERYWELLSUITEDFOR3(-PURPOSESDUETOSIZEANDCOSTS�)NORDERTO
COVERACOMPLETEINDUSTRIALPLANTWITHALARGENUMBEROFTRANSDUCERUNITS�NEWAPPROACHESFOR
MEASUREMENTHARDWARE�SENSORTECHNOLOGY�ANDDATAEVALUATIONARENECESSARY�4HISISONEOF
THEMAINGOALSOF THEONGOING%UROPEAN3!&%0)0%3PROJECT�&IRST RESULTSOF THISWORKARE
PRESENTEDINTHEFOLLOWINGTOGETHERWITHSOMEBASICSOFGUIDEDWAVEPROPAGATIONINPIPES�
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4RADITIONALVIBRATIONBASEDMONITORING TECHNIQUESPROVIDEGLOBAL INFORMATIONONASTRUCTURE
UNDERINVESTIGATIONBYIDENTIFYINGANDANALYZINGSPECIFICRESONANCEMODESANDBYCHARACTER
IZINGTHECONDITIONOFMOUNTINGSANDDAMPERS�$UETO THE LOWFREQUENCIESONLY LARGESTRUC



TURAL DEFECTS CAN BE IDENTIFIED ANDMOREOVER� CANNOT BE PRECISELY LOCALIZED IN GENERAL� &OR
CRUCIALERRORPRONEPARTSOFASTRUCTURE�VIBRATIONMONITORINGCANBEEFFICIENTLYSUPPLEMENTED
BYUSINGELASTICWAVES IN THEK(ZFREQUENCYREGIME�4HESEULTRASONICWAVESHAVEASHORTER
RANGEBUTAREMORESENSITIVETOSMALLERDEFECTSANDTHUS�CANSERVEASANEARLYWARNINGSYSTEM
RAISINGANALARMLONGBEFORECRITICALDAMAGEOCCURS�)FTHEWAVELENGTHSARECOMPARABLEWITH
OR LARGER THAN TYPICAL DIMENSIONS OF THE STRUCTURE �E�G�THICKNESS	� THE WAVES ARE CALLED
hGUIDED WAVESv� )N THIS CASE GEOMETRICAL DISPERSION CANNOT BE NEGLECTED IN GENERAL �SEE
E�G�;�=	�

)FUSINGELASTICWAVESFORSTRUCTURALHEALTHMONITORING�3(-	PURPOSESTWODIFFERENT
APPROACHES AREPOSSIBLE� A PASSIVE AND AN ACTIVE APPROACH� )N A PASSIVE3(-SYSTEM�ONLY
SENSORSARENEEDEDANDhNATURALvSOURCES LIKEAMBIENTVIBRATIONSORACOUSTICEMISSION �!%	
CAUSEDBYCRACKGENERATIONANDGROWTHAREDETECTED�$ISTINCT!%EVENTSCANBELOCALIZEDAND
CHARACTERIZED AND CAN ALSO BE USED FOR IMAGING PURPOSES USING ACOUSTIC EMISSION TOMOGRA
PHY;�=�)NANACTIVE3(-SYSTEMTHETRANSDUCERSAREACTINGASBOTH�SENSORSANDACTUATORS�"Y
USINGPULSEECHOORACOUSTICSIGNATURETECHNIQUES�SCATTEREDWAVESFROMINSIDETHESTRUCTUREOR
CHANGESINACOUSTICSIGNATURERESPONSECANBEDETECTEDANDUSEDASDAMAGEINDICATOR�!SETOF
TRANSDUCERSSPANSASOCALLED@SYNTHETICAPERTURE��"Y TEMPORALLYDELAYEDEXCITATIONANDDE
TECTIONOFINDIVIDUALACTUATORSANDSENSORS�ELASTODYNAMICWAVEFIELDSCANBEFOCUSEDTOSPE
CIFIC CONTROL VOLUMES OF THE STRUCTURE WHICH SERVES AS A BASIS FOR POWERFUL 3(- IMAGING
TECHNIQUES�

)N ORDER TO IMPLEMENT AMONITORING SYSTEM BASED ON GUIDEDWAVES� THE THEORETICAL
FUNDAMENTALSOFGUIDEDWAVEPROPAGATIONINVARIOUSSTRUCTURESANDTHEIRINTERACTIONWITHPO
TENTIALDEFECTSHAVETOBEINVESTIGATEDFIRST�4HISCANBEDONEVIANUMERICALSIMULATIONORLASER
DETECTIONOFELASTICWAVEFIELDSATTHESURFACEOFTHESTRUCTURE�

4HE SIMPLEST CASE OF GUIDEDWAVES CAN BE FOUND IN PLATELIKE STRUCTURES WHERE SO
CALLED @PLATEWAVES�OR @,AMBWAVES�EXIST� )NGENERAL� SYMMETRICANDANTISYMMETRICWAVE
MODES ARE BEING DISTINGUISHED� 4HEY ARE DISPERSIVE IN GENERAL� )N MOST CASES� 3(- TECH
NIQUESAREWORKINGINTHELOWFREQUENCYREGIMEBELOW���K(ZANDTHUS�ONLYTHE�THORDER
,AMBWAVES ARE OF PARTICULAR INTEREST FORMONITORING APPLICATIONS� )N ADDITION TO THE,AMB
WAVES� ALSO HORIZONTALLY POLARIZED SHEARWAVES �3(WAVES	 CAN BE USED� )N CONTRAST TO THE
,AMBWAVESTHE�THORDER3(WAVEISNONDISPERSIVE�.UMERICALANDEXPERIMENTALINVESTIGA
TIONSSHOWTHATEACHWAVEMODEMENTIONEDABOVESHOWSDIFFERENTSENSITIVITYTOSPECIFICKINDS
OFDAMAGE�4HE3(�MODEISWELLSUITEDFORCRACKDETECTIONANDFORANYAPPLICATIONWHEREA
SURROUNDINGFLUIDLIMITSTHERANGEOFTHEOTHERMODES�!�ISBESTSUITEDFORDETERMINATIONOF
DELAMINATIONSANDLOCALCHANGESINWALLTHICKNESS�3�ISSUITEDFORCRACKDETECTIONANDISUSED
INCASES�WHEREFIRSTARRIVALTIMEPICKINGTOGETHERWITHACLEARIDENTIFICATIONOFTHEINCOMING
WAVEISNECESSARY�

4HEMAINDIFFERENCEBETWEENAPIPEANDAPLATEISTHECURVATUREOFTHEPIPEPRODUCING
ADDITIONALDISPERSIONEFFECTS�7ECALCULATEDPHASEANDGROUPVELOCITYDIAGRAMSFOROURLABORA
TORYDEMONSTRATOR�AFREE�MLONGSTEELPIPEWITHADIAMETEROF���MMANDAWALLTHICKNESS
OF�MM�4HECORRESPONDINGPHASEVELOCITYDIAGRAMCALCULATEDBYTHEAPPROXIMATESHELLTHE
ORYOF-IRSKYAND(ERRMANN ;�= ISSHOWNIN&IG���)N THISAPPROXIMATIONTHEDISPERSIONOF
THE,����	�&�X��	�ORh03�v	MODESARISINGATHIGHERFREQUENCIESISNOTINCLUDED�-OREOVER�
ONLYTHEFIRSTFIVEBASICMODESARECOVERED�



&IGURE��0HASEVELOCITYASAFUNCTIONOFFREQUENCYFORVARIOUSGUIDEDWAVEMODESINAFREESTEELPIPEWITHA
DIAMETEROF���MMANDAWALLTHICKNESSOF�MM�4HEFREQUENCYBANDBETWEEN��AND���K(ZSEEMSTOBE
MOSTAPPROPRIATEFORLONGRANGE3(-APPLICATIONSSINCEINTHISREGIONONLYALIMITEDNUMBEROFWAVEMODESIS
AVAILABLEANDCANBEEASILYSEPARATEDIFNECESSARY�

)NGUIDEDWAVETHEORYOFCYLINDRICALSHELLS�THEFOLLOWINGNAMINGCONVENTIONFORTHEDIFFERENT
WAVEMODESISCOMMONLYUSED�

�� ,ONGITUDINALMODESARENAMED,���M	WITHN��INDICATINGANAXISYMMETRICMODE
ANDM�����xINDICATINGMODESOFORDER����ETC�

�� 4ORSIONAL MODESARENAMED4���M	WITHN��INDICATINGANAXISYMMETRICMODEAND
M�����xINDICATINGMODESOFORDER����ETC�

�� &LEXURAL MODESARENAMED&�N�M	 INDICATINGNONAXISYMMETRICMODESWITHN�M�
����ETC�

/NECANSEEFROM&IG��THATMANYWAVEMODESAREDEGENERATEDINCERTAINFREQUENCYBANDS�
I�E� THEIR DISPERSION CURVES ARE IDENTICAL� &OR EXAMPLE ,����	 CANNOT BE DISTINGUISHED FROM
&�����	 FOR FREQUENCIES � ��� K(Z� OR 4����	 HAS THE SAME DISPERSION CHARACTERISTIC THAN
&�����	�ATLEASTINTHEVELOCITYFREQUENCYWINDOWSHOWNHERE�

4HE DEGENERATION OF WAVE MODES AS EXPLAINED ABOVE SIMPLIFIES THE SITUATION FOR
F����K(ZSIGNIFICANTLY�SINCEONLYALIMITEDNUMBEROFWAVEMODES���	INSTEADOFDOZENS
OFDIFFERENTMODESHAVETOBETAKENINTOACCOUNT�)NTHISFREQUENCYREGIMETHECURVESAREVERY
SIMILAR TO THE DISPERSION DIAGRAMS OF A PLATE� 5P TO A CERTAIN FREQUENCY THRESHOLD �HERE AT
APPROX�������K(Z	ONLY THREEWAVEMODESAREPRESENT�,����	�,����	�AND4����	�4HEIR
DEGENERATEDFLEXURALCOUNTERPARTSARE&�����	�&�����	�AND&�����	�4HESEBASICPIPEMODES
CANBEASSOCIATEDWITHTHEFUNDAMENTALPLATEMODES�I�E�THEFASTSYMMETRICANDWEAKLYDIS
PERSIVE3�MODE� ,����		�THESLOWANTISYMMETRICANDDISPERSIVE!�MODE� ,����		�AND
THE NONDISPERSIVE 3( WAVE �  4����		� !BOVE THE FREQUENCY THRESHOLD MENTIONED ABOVE�
HIGHERORDERMODESARISE�4����	AND,����	INTHISCASE	�SIMILARTOPLATEDIAGRAMS�

"ESIDESTHESESIMILARITIESBETWEENPLATEANDPIPE�THEREAREALSOSIGNIFICANTDIFFERENCES
ARISINGINTHELOWFREQUENCYREGIONOFTHEDISPERSIONDIAGRAMS�WHERETHEDEGENERATIONOFTHE
WAVEMODESISABROGATEDANDALARGENUMBEROFDIFFERENTMODESISPRESENT�4HISISTHECENTRAL
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DIFFERENCETOTHEPLATEDISPERSION�7HILEINAFREEPLATETHINGSBECOMEEASYANDCLEARATLOW
FREQUENCIES�THESITUATIONINAFREEPIPEBECOMESDIFFICULTANDMORECOMPLEX�4HEMAINCONSE
QUENCEOFTHESERESULTSISTHATINORDERTOAVOIDTHECONFUSINGINFLUENCEOFHIGHERORDERMODES
IN THEPIPE� IT IS REASONABLE TOUSE THE RELATIVELY SMALL FREQUENCYBANDBETWEEN��AND���
K(ZFORLONGRANGE3(-PURPOSES�/NLYINTHISREGIMEWAVEPROPAGATIONSEEMSTOBEMAN
AGEABLEANDTHENUMBEROFMODESISREDUCEDTOTHETHREEFUNDAMENTALMODESTHATCANBEDI
RECTLYASSOCIATEDWITH THE3��!�� AND3(MODES IN APLATE�&OR THE SAKEOF SIMPLICITYAND
CLARITYWEWILLCALLTHESEMODES@PIPE3���@PIPE!���AND@PIPE3(�ORSHORTER�03��0!��
AND03(INTHEFOLLOWINGALTHOUGHTHISPROCEDUREISNOTQUITECORRECTFORMALLY�

!NOTHERPECULIARITYOFWAVEPROPAGATION INAPIPE IS THATWAVESGENERATEDBYPOINT
LIKESOURCESAREPROPAGATINGALONGAHELICALCURVEAROUNDTHELONGITUDINALAXIS�4HISISSHOWN
IN&IG���WHERETHETRANSIENTWAVEFIELDDUETOAPOINTIMPACTONTHEOUTERPIPESURFACEWAS
CALCULATED BY USING THE NUMERICAL#%&)4 TECHNIQUE ;�=�!S A CONSEQUENCE OF HELICALWAVE
PROPAGATION�ONEANDTHESAMEWAVEMODECANBEDETECTEDSEVERAL TIMESATACERTAINSENSOR
POSITIONSINCEDIFFERENTTRAVELPATHSFROMTHESOURCETOTHESENSORAREPOSSIBLE�

&IGURE��'UIDEDELASTICWAVEPROPAGATIONINASTEELPIPEGENERATEDBYAMECHANICALRADIALFORCEPOINTIMPACTON
THE OUTER SURFACE OF THE PIPE�4HEWAVE FRONT PICTURESWERE CALCULATEDBY USING THE �$ ELASTODYNAMIC FINITE
INTEGRATIONTECHNIQUEINCYLINDRICALCOORDINATES�#%&)4;�=	ANDSHOWTHEHELICALNATUREOFTHEELASTICWAVEFIELD�
&URTHERINTERESTINGNUMERICALANDANALYTICALINVESTIGATIONSOFGUIDEDWAVESINFREEPIPESCANBEFOUNDIN;���=�

)N ORDER TO VERIFY THE THEORETICAL AND NUMERICAL RESULTS FROM ABOVE� VARIOUSMEASUREMENTS
WERE PERFORMED USING THE LABORATORY SETUP SHOWN IN &IG� �� 2ICKERSWAVELETSWITH CENTER
FREQUENCIESOF�����������AND���K(ZWEREUSEDASEXCITATIONSIGNALS�4HEDETECTEDWAVE
FORMSATASENSORPOSITIONLYING���CMAWAYFROMTHESOURCEAREGIVENIN&IG���)TSHOULDBE
NOTEDTHATTHETIMEAXISISGIVENWITHACONSTANTOFFSETOF���±S�I�E�THEARRIVALTIMESHAVETO
BECORRECTEDFORTHATVALUEBEFORECALCULATINGTHECORRESPONDINGWAVESPEEDS�

0OINTIMPACT

(ELICALWAVEPROPAGATION



 

&IGURE��3TEELPIPEASUSEDFORTHELABORATORYMEASUREMENTS�LENGTH��M�DIAMETER����MM�WALLTHICKNESS
��MM�TOPPICTURE	�$EPENDINGONTHETEMPERATUREOFTHEPIPEANDTHEINTENDEDWAVEMODEUSEDFORMONITOR
ING�DIFFERENTKINDSOFTRANSDUCERSBASEDON0:4CERAMICS�LANGASITECRYSTALSOR%-!4TECHNOLOGYCANBEUSED�
)NTHEPRESENTCASE�0:4FIBRETRANSDUCERSPROVIDEDBYPROJECTPARTNER.-7AREGLUEDTOTHEOUTERPIPESURFACE
�BOTTOMPICTURES	�4HESETRANSDUCERSARECHARACTERIZEDBYAPREFERENTIALDIRECTIVITYALONGTHEPIPEAXISANDCANBE
USEDFORLOWTEMPERATUREAPPLICATIONSUPTO���#ANDFORFREQUENCIESUPTO���K(Z�

&IGURE��-EASUREDTIMEDOMAINSIGNALSALONGTHESTEELPIPEFORFOURDIFFERENTCENTERFREQUENCIESOFTHEINPUT
PULSE�!LLELEMENTARYWAVEMODESASPREDICTEDBYTHEORETICALANDNUMERICALINVESTIGATIONS�INCLUDINGHELICAL
MODES	COULDBEIDENTIFIED�
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)N&IG���THEFIRSTARRIVALATT ���±S�!��±SOFFSET	ISDUETOTHEFASTESTWAVEMODEPRESENT�
I�E�THE03�MODE�OR&����		�4HESECONDELEMENTARYWAVEMODEINTHEFIRSTTWOROWSOF&IG�
�ARRIVESATT ���±S�!��±SOFFSET	ANDCANBEASSOCIATEDWITHTHE0!�MODE�OR&����		�
)FTHECENTERFREQUENCYOFTHEINPUTPULSEISINCREASEDTO���K(Z�ANEWWAVEMODESUDDENLY
OCCURS�)TISSTRONGLYDISPERSIVEANDDUETOITSGROUPVELOCITYCANBEIDENTIFIEDASTHEFIRST
HIGHERORDERSYMMETRICMODE03��OR&����		�

"ESIDES THEPRIMARYWAVEMODES� INDICATEDBYREDELLIPSES IN&IG���ALSOSECONDARY
WAVEMODESAPPEAR�4HELATTERAREINDICATEDBYGREENELLIPSES�!TABOUT���±S�!��±SOFFSET	
AWAVEMODEAPPEARSAT��AND���K(ZTHATISINLINEWITHTHE�STORDERHELICAL03�MODE
WHOSE TRAVEL DISTANCEBETWEEN SOURCE AND RECEIVER IS APPROX� �M INSTEADOF ���M FOR THE
DIRECTWAVE�4HESAMEEFFECTCANBEOBSERVEDFORTHE0!�MODEWHOSE�STORDERHELICALCOUN
TERPARTARRIVESATAPPROX����±S�!��±SOFFSET	�)NBOTHCASES�THESIGNALSHAPEOFDIRECTAND
HELICALWAVEISSIMILARBUTTHEAMPLITUDEOFTHEHELICALWAVEISSMALLERDUETOTHELARGERGEO
METRICALSPREADINGALONGTHELONGERPROPAGATIONPATH�

!NOTHERINTERESTINGECHOCANBEFOUNDAT���±S�!��±SOFFSET	�3INCETHEDISTANCEBE
TWEENEACHOFTHETWOTRANSDUCERSTOTHENEARESTPIPEENDINGWAS��CM�AWAVEREFLECTEDAT
THEPIPEENDINGSREACHESTHESENSORAFTERAPROPAGATIONPATHOF�M�4HUS�THEWAVEDESCRIBED
ABOVECANBEIDENTIFIEDASTHE03�ECHOOFTHEPIPEENDING�$UETOREFLECTIONATTHEFREEEND
ANDTHEFACTTHATTWODIFFERENTPROPAGATIONPATHSWITHIDENTICALLENGTHCONTRIBUTETOTHESIGNAL
�@ACTUATOR" RIGHTPIPEENDING" SENSOR�AND@ACTUATOR" LEFTPIPEENDING" SENSOR�	� THE
AMPLITUDEOFTHEECHOISLARGERTHANTHEAMPLITUDEOFTHEPRIMARYWAVE�

!SASUMMARYONECANCONCLUDETHATTHEMEASUREMENTRESULTSAREINAGOODAGREEMENT
WITHTHETHEORETICALANDNUMERICALFINDINGSSINCEALLEXISTENTWAVEFORMSIN&IG���EVENTHE
SECONDARYHELICALWAVESANDPIPEENDINGECHOESCOULDBE IDENTIFIED� )T ISWORTHMENTIONING
THAT THE SINGLE0:4 FIBREACTUATORUSED FOR THEMEASUREMENTPRODUCESBOTH�03�AND0!�
MODESBUTNO�SIGNIFICANT	03(MODE�

��$)2%#4)6)490!44%2./&'5)$%$7!6%3!,/.'!342!)'(40)0%

3INCE THEMONITORINGSYSTEM ISUSINGANUMBEROFDISTRIBUTED TRANSDUCERS� IT IS IMPORTANT TO
STUDYTHEDIRECTIVITYCHARACTERISTICOFGROUPVELOCITIESANDDAMPINGCOEFFICIENTSOFTHEDIFFER
ENTWAVEMODESGENERATEDBYA SINGLE TRANSDUCER�&OR THISPURPOSE THEMEASUREMENT SETUP
SHOWNIN&IG��WASUSED�4HESENSORONTHELEFTWASSHIFTEDALONGTHEBLACKCURVEDLINEIN
STEPSOF���%ACHPOINTONTHELINEHASTHESAMEGEOMETRICALDISTANCEOF��CMTOTHESOURCE
POSITION�! ��� K(Z2#� SIGNALWAS USED AS INPUT PULSE� 4HE RESULTS FOR ANGLEDEPENDENT
GROUPVELOCITYANDDAMPINGCOEFFICIENTFOR03�AND0!�MODESAREGIVENIN&IG���

4HEGROUPVELOCITYOFTHE03�MODEINTHETOPPICTUREOF&IG��VARIESBETWEEN����
AND����M�SWITHAMEANVALUEOFABOUT����M�S�4HUS�WITHANACCURACYOF#���THE03�
GROUPVELOCITYCANBESEENASCONSTANTFOREACHPROPAGATIONDIRECTION�4HE0!�GROUPVELOC
ITYFLUCTUATESBETWEEN����AND����M�SWITHAMEANVALUEOFABOUT����M�S�7ITHANAC
CURACYOF#����THE0!�GROUPVELOCITYCANALSOBESEENASCONSTANTFOREACHPROPAGATION
DIRECTION�4HISEXPERIMENTALFINDINGISVERY IMPORTANTFORANY3(-BASEDIMAGINGORLOCAL
IZATIONTECHNIQUEWHEREGROUPVELOCITIESINVARIOUSPROPAGATIONDIRECTIONSARENEEDEDFORRE
CONSTRUCTION�



&IGURE��%XPERIMENTALSETUPASUSEDFORTHEMEASUREMENTOFTHEDIRECTIVITYPATTERNSOF03�AND0!�MODES
GENERATEDBYAPIEZOFIBRETRANSDUCER�4HESENSORONTHEOPPOSITESIDEWASSHIFTEDALONGTHECURVEDBLACKLINE�
%ACHPOINTONTHELINEHASTHESAMEGEOMETRICALDISTANCEOF��CMTOTHESOURCEPOSITION�
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&IGURE �� %XPERIMENTAL RESULTS FOR ANGLEDEPENDENT GROUP VELOCITY AND DAMPING COEFFICIENT FOR 03� �DARK
BLUE	AND0!�MODE�MAGENTA	ATACENTERFREQUENCYOF���K(Z�4HEGROUPVELOCITIESCANBESEENASROUGHLY
CONSTANTINEACHDIRECTION�7ITHTHEEXCEPTIONOFLARGEANGLES����THERELATIVEDAMPINGCOEFFICIENTSFOR03�
AND0!�ARESIMILARTOEACHOTHER�&ORTHERANGEBETWEEN ���ADAMPINGOFONLY���D"ISOBTAINED�
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4HEANGLEDEPENDENTDAMPINGCOEFFICIENT�ASGIVENIN THEBOTTOMPICTUREOF&IG���SHOWSA
SIMILARBEHAVIORFOR THE03�AND0!�MODE�/NLYFOR LARGEANGLESABOVE���� THERELATIVE
DAMPINGOF THE03�MODESEEMS TOBEHIGHER�&OR THERANGEBETWEEN ����ADAMPINGOF
ONLY���D"ISOBTAINEDFOREACHWAVE�4HATMEANSTHATAT���K(ZTHEFIBRETRANSDUCERGEN
ERATESARELATIVELYWIDEBEAMOFGUIDEDWAVESWITHAGOODACOUSTICCOVERAGEOFTHEPIPEAREA
TOBEMONITORED�&URTHERINVESTIGATIONSUSINGASTEELPIPEMOCKUPOF-0!REVEALEDTHATWITH
APPROPRIATEPREAMPLIFICATIONPROPAGATIONDISTANCESOFMORETHAN��MAREMANAGEABLE�

��).4%2!#4)/./&'5)$%$7!6%37)4($%&%#43

4HEINTERACTIONOFELASTICWAVESWITHSTRUCTURERELEVANTDEFECTSREPRESENTSTHEMOSTIMPORTANT
ASPECTOFGUIDEDWAVEBASEDMONITORINGSYSTEMS�)NGENERALONECANSAYTHATTHEHIGHERTHE
FREQUENCYTHEBETTERTHESPATIALANDTEMPORALRESOLUTIONOFTHEMONITORINGSYSTEMANDTHEBET
TERTHESENSITIVITYTOSMALLDEFECTS�(OWEVER�FORHIGHFREQUENCIESTHENUMBEROFEXISTINGWAVE
MODESISINCREASEDANDSTRONGDISPERSIONLEADSTOACOMPLEXSITUATIONANDASEVERELYLIMITED
RANGE�4HELOWERTHEFREQUENCYTHESMALLERTHENUMBEROFWAVEMODES�ATLEASTINPLATES	AND
THE LARGER THEOBTAINABLE RANGE�(OWEVER� THESE ADVANTAGES ARE CANCELLEDBY A SIGNIFICANTLY
LOWERSENSITIVITYTOSMALLDEFECTS�4HEREFORE�TOCHOOSEASPECIFICFREQUENCYFORTHEINPUTPULSE
ALWAYSMEANSTOMAKEACOMPROMISEBETWEENFLAWSENSITIVITYONTHEONEHANDANDOBTAINABLE
RANGEANDDISPERSIONOFTHECORRESPONDINGWAVEMODESONTHEOTHERHAND�)FUSINGTRADITIONAL
ULTRASONIC.$%SYSTEMSWORKINGINTHE-(ZFREQUENCYREGIME�VERYSMALLCRACKSINTHE±M
RANGECANBEFOUNDBUTTHESTRUCTURALINFORMATIONISUSUALLYLIMITEDTOASMALLAREAOFTHEPIPE�
)FTHEWHOLEPIPEMUSTBETESTED�ANAPPROPRIATESCANNINGDEVICEISNECESSARY�

)N GUIDEDWAVE BASED 3(-� A LARGER PART OF THE PIPE CAN BE EXAMINEDWITHIN ONE
MEASUREMENTCYCLE�$UETOTHEFACTTHATMONITORINGCANBEPERFORMEDINNEARLYARBITRARYTIME
INTERVALSOFAFEWSECONDSUPTOAFEWDAYS�THECRITICALSIZEOFDEFECTSTHATHAVETOBEFOUND
CANBEINCREASEDCOMPAREDTOTRADITIONAL.$%WHICHUSUALLYISAPPLIEDINPERIODICINTERVALSOF
MONTHSORYEARS�3TATEMENTSFROMINDUSTRIALPARTNERS$/7AND27%REVEALEDTHATINATYPI
CALPIPE�CRACKLIKEDEFECTSNOTLARGERTHANTHREETIMESTHEWALLTHICKNESSANDNOTDEEPERTHAN
���TO���OFTHEWALLTHICKNESSHAVETOBEFOUNDBYAN3(-SYSTEM�&ORTHESTEELPIPEDE
SCRIBEDINTHEPREVIOUSSECTIONS�WALLTHICKNESS��MM	THISMEANSTHATTHEMONITORINGSYS
TEMMUSTBEABLETOFINDCRACKSNOTLARGERTHAN��MMANDNOTDEEPERTHAN����MM�!SA
ROUGHRULEOFTHUMBONECANSAYTHATADEFECTBECOMESDETECTABLEIFITSSIZEISATLEASTCOMPA
RABLETOTHEWAVELENGTHOFTHESPECIFICWAVEMODEUSEDFORTHEMEASUREMENTSANDIFITSDEPTH
ISLARGERTHAN�����OFTHEWALLTHICKNESS�!CCORDINGTOTHISRULE�GUIDEDWAVESINTHEFRE
QUENCY RANGE BETWEEN ��� AND ��� K(ZWITHWAVELENGTHS BETWEEN �� AND ��MM AS DE
SCRIBEDINTHEPREVIOUSSECTIONSSHOULDBEABLETOMEETTHEREQUIREMENTSOFDEFECTSENSITIVITY
ONTHEONEHANDANDSUFFICIENTLYLARGERANGEONTHEOTHERHAND�

)NORDER TO INVESTIGATE THE INTERACTIONOFGUIDEDWAVESWITH RELEVANTDEFECTS�EXPERI
MENTALMEASUREMENTSATTHESTEELPIPEUSINGTWOTRANSDUCERARRAYSWITH�0:4FIBRETRANSDUC
ERS INEACHCASEWEREPERFORMED�&OUR TRANSDUCERSAT A TIMEWERECOMBINED TOA�CHANNEL
SENSOR�ACTUATORNODEASSHOWNIN&IG���%ACHOFTHE��TRANSDUCERSCANBEUSEDASSOURCEAND
RECEIVER� )F ONE TRANSDUCER IS EMITTING� �� TRANSDUCERS �INCLUDING THE SOURCE	 CAN DETECT THE
SYSTEMRESPONSE�4HATMEANSTHATATOTALOF�!��!�����TIMEDOMAINSIGNALSAREAVAIL
ABLEFORDATAEVALUATIONANDFORSYNTHETICAPERTURERECONSTRUCTION�(OWEVER� IN THECASEPRE
SENTEDHEREONLYTRANSDUCERS�AND�AREINVOLVED�



&IGURE �� �CHANNEL SENSOR�ACTUATOR NODES FOR 3(- OF PIPING SYSTEMS� 4HE NODES CAN BE COMBINED TO A
MULTICHANNELMEASURINGSYSTEM���CHANNELSINTHISCASE	THATCANBEUSEDFORBOTHACTIVEANDPASSIVEMONI
TORING�4HEPRESENTNODESAREBASEDONA#!.BUSINTERFACEBUTWIRELESSINTERFACESAREALSOUNDERDEVELOP
MENT�$ETAILSOFTHEHARDWAREIMPLEMENTATIONCANBEFOUNDIN;��=�

 

&IGURE��$ETAILSOFTHESETUPSHOWINGTHEDISTANCEOFTHENOTCHTOTHERELEVANTTRANSDUCERS�&ORTHEMEAS
UREMENTSSHOWNINTHEFOLLOWING&IG���TRANSDUCERS��AND��WEREUSED�
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&IGURE��2ESULTSFORTHREEDIFFERENTNOTCHES�REDCURVES	USINGTRANSDUCER��ASACTUATORAND��ASSENSOR�4HE
BLUECURVEREPRESENTSTHEREFERENCEMEASUREMENT�BASELINE	WITHOUTNOTCH�

!NOTCHLYINGPERPENDICULARTOTHELONGITUDINALAXISOFTHEPIPEWASARTIFICIALLYINSERTEDALONG
THECONNECTINGLINEBETWEENTRANSDUCERS��AND���INADISTANCEOF��CMTOTRANSDUCER��

��MMNOTCH

��MMNOTCH

$IRECT03�
WAVE

%LECTRICAL
CROSSTALK

�T��	

0!�NOTCH
REFLECTION

-ODECONVERTED
NOTCHREFLECTION
0!� 03�

$IRECT0!�
WAVE

03�NOTCH
REFLECTION

���MMNOTCH



AND��CMTOTRANSDUCERS��AND���RESPECTIVELY�4HENOTCHWASENLARGEDINTWOSTEPSSOTHAT
ALL INALL THREENOTCHSIZESWEREAVAILABLEFOR THEMEASUREMENTS� )NEACHCASE THEWIDTHAND
DEPTHOFTHENOTCHWAS�MM�THELENGTHVARIEDFROM���MMOVER��MMUPTO��MM�4HE
DETAILSOFTHESETUPINCLUDINGTHERELEVANTDISTANCESTOTHENOTCHAREGIVENIN&IG���

&OR THEMEASUREMENTS� AN2#� INPUTPULSEWITHACENTER FREQUENCYOF���K(ZWAS
USED�4HEMAINIDEAOF THEUNDERLYING3(-SYSTEMIS THECOMPARISONOF THEACTUALSTATEOF
THEPIPEWITHACERTAINREFERENCESTATE�hBASELINEAPPROACHv	�4HISREFERENCESTATECANEITHERBE
THEPIPEWITHOUTANYDEFECTSORALTERNATIVELY�ASTATEWITHSMALLERDEFECTSIZE�&ORTHEPRESENT
INVESTIGATION�AREFERENCEMEASUREMENTWITHOUTANYDEFECTSWASPERFORMEDFIRST�!FTERTHATTHE
MEASUREMENTSINCLUDINGTHEDEFECTSWEREDONEANDCOMPAREDTOTHEREFERENCESTATE�

&IGURE � SHOWS THE TIMEDOMAIN SIGNALS FOR THEMEASUREMENTS AT THE THREE DIFFERENT
NOTCHESUSINGTRANSDUCER��ASSOURCEAND��ASRECEIVER�REDCURVES	�)NTHISCASEASPECULAR
REFLECTIONOFTHEWAVESATTHENOTCHCANBEEXPECTED�&ORBETTERCOMPARISON�THERESULTFORTHE
REFERENCEMEASUREMENTWITHOUTNOTCHISALSOGIVENINEACHCASE�BLUECURVE	�4HEFIRSTSTRONG
SIGNALATABOUT��±SISANELECTRICALCROSSTALKWHICHSERVESASTHETEMPORALORIGIN�T���!T
ABOUT���±S�I�E���±SAFTERTHECROSSTALK	AWEAKCONTRIBUTIONAPPEARSTHATCANBEASSOCIATED
WITHADIRECTCIRCUMFERENTIAL03�WAVEBETWEENSOURCEANDRECEIVER�4HEDIRECT0!�WAVEIS
EXPECTEDAT���±S�I�E����±SAFTERTHECROSSTALK	ANDISREALLYFOUNDTHERE�)TSAMPLITUDEIS
STRONGERTHANTHEDIRECT03�WAVEWHICHISINACCORDANCEWITHTHEANGLEDEPENDENTDAMPING
CURVEIN&IG���4HESEDIRECTSIGNALSAREEXPECTEDTOREMAINCONSTANTFORINCREASINGNOTCHSIZE
ANDINFACTTHISCANBEOBSERVEDFORBOTHMODES�

!TABOUT���±S�I�E����±SAFTERCROSSTALK	� THESIGNALBECOMESSLIGHTLYHIGHERTHAN
THEREFERENCESIGNAL�$UETOTHEARRIVALTIMEITCANBEIDENTIFIEDASTHE03�NOTCHREFLECTION
ALTHOUGHITSCONTRIBUTIONISPARTLYSUPERIMPOSEDBYTHEDIRECT0!�WAVE�4HISSIGNALISONLY
SLIGHTLY INCREASING WITH INCREASING NOTCH SIZE� REVEALING THAT THE 03� INTERACTION WITH THE
NOTCHISRATHERWEAK�!TABOUT���±S�I�E����±SAFTERTHECROSSTALK	ASTRONGSIGNALAPPEARS
THAT CAN BE ASSOCIATED WITH A MODE CONVERTED NOTCH REFLECTION WHEREAS THE INCIDENT 0!�
MODEISCONVERTEDINTOA03�WAVEDURINGTHESCATTERINGPROCESS�)NPRINCIPLEALSOTHEINVERSE
PROCEDURE�I�E�MODECONVERSIONFROMINCIDENT03�TO0!�WAVEISPOSSIBLESINCETHEARRIVAL
TIMEISTHESAME�4HISMODECONVERTEDECHOLEADSTOASIGNIFICANTDEVIATIONFROMTHEREFERENCE
CURVE�EVENFORTHESMALLNOTCH�7ITHINCREASINGNOTCHSIZE�THEECHOISALSOINCREASEDSHOW
INGANEARLYLINEARRELATIONSHIPBETWEENNOTCHSIZEANDECHOAMPLITUDE�

!TAPPROX����±S�I�E����±SAFTERCROSSTALK	THEDIRECT0!�ECHOFROMTHENOTCHAR
RIVES�4HISECHOISALSOSTRONGLYINCREASEDWITHINCREASINGNOTCHSIZEANDTHUSALSOSERVESASA
SENSITIVEINDICATORFORTHENOTCHGROWTH�)TISREMARKABLETHATTHEMODECONVERTEDNOTCHECHO
ISLARGERTHANTHEPURE0!�ECHOBYROUGHLYAFACTOROFTWO�

"ESIDE THE MEASUREMENT DESCRIBED ABOVE VARIOUS OTHER MEASUREMENTS WITH OTHER
SOURCERECEIVERCOMBINATIONSWEREPERFORMEDANDALSOTHEFORWARDSCATTEREDFIELDWASSTUD
IED�!S A CONCLUSION FROM THESEMEASUREMENTS ONE CAN SUMMARIZE THAT THE CHANGES IN THE
BACKWARDSCATTEREDFIELDAREBYFARMORESIGNIFICANTTHANTHECHANGESINTHEFORWARDSCATTERED
FIELD�(OWEVER�THECHANGESINTHEBACKWARDFIELDARESURPRISINGLYSTRONG�ALTHOUGHTHESIZEOF
THENOTCHWASSMALLERTHANTHEWAVELENGTHSOFTHEWAVEMODESINVOLVEDANDTHEDEPTHOFTHE
NOTCHWASONLY���OFTHEWALLTHICKNESS�

)N&IG��THEINTERACTIONOFGUIDEDWAVESWITHTHEARTIFICIALNOTCHESISWELLDEFINEDAND
THE RESULTING ECHOES ARE STRONG AND CAN EASILY BE ASSOCIATEDWITH SPECIFICWAVEMODES AND
MODECONVERTEDECHOES�(OWEVER�INMOREREALISTICSTRUCTURESWITHCOMPLEXGEOMETRYLIKETHE
4ITANIUMELBOWSHOWNIN&IG���� THEWAVE�DEFECT INTERACTIONSAREMOREDIFFICULTANDSUBTLE
SOTHATMOREPRAGMATICANDROBUSTDATAEVALUATIONSCHEMESHAVETOBEUSED�



 

  

&IGURE���4ITANIUMELBOW�WALL THICKNESS��MM	WITHNOTCHESARTIFICIALLY INTRODUCED INTOAWELDSEAM�
4HENOTCHDEPTHWASVARIEDBETWEEN�MM�FIRSTSTEP	AND���MM�LASTSTEP	�$UETOTHESAWINGTHEINITIAL
NOTCHLENGTHOFAPPROX���MMWASALSOINCREASEDSTEPWISE�

)NONEOFTHEWELDSEAMSOFTHEELBOWARTIFICIALNOTCHESWEREINSERTEDBYSAWING�4HEDEPTHOF
THENOTCHWAS INCREASED FROM�MMUP TO���MMINDISCRETE STEPS�$UE TO THE SAWING THE
LENGTHOF THENOTCHWASALSO INCREASED SIMULTANEOUSLY FROMAPPROX���MM TO��MM�&OR
EACHSTATETHESYSTEMRESPONSEOFTHEELBOWDUETOPULSEEXCITATIONWASDETERMINEDFORDIFFER
ENTACTUATOR�SENSORCOMBINATIONSANDWASCOMPAREDWITHAREFERENCESTATEWITHOUTDEFECTS�
 &IG���SHOWSTYPICALTIMEDOMAINSIGNALSALONGPATH!$��I�E�TRANSDUCER!SERVESAS
ACTUATOR AND TRANSDUCER$� AS SENSOR �COMPARE &IG� ��	� 4HE CENTER FREQUENCY OF THE INPUT
PULSEWASF����K(ZINTHISCASE�&ORTHE�MMDEEPNOTCH�THEDIFFERENCETOTHEREFERENCE
MEASUREMENTWITHOUTNOTCHISRATHERSMALLANDTHUS�THELINEARCORRELATIONCOEFFICIENTBETWEEN
BOTHCURVESISNEARLYEQUALTOONE�&ORTHE���MMNOTCHTHEDIFFERENCEBETWEENTHECURVESIS
SIGNIFICANTLYLARGERANDTHEREFORE�THECORRELATIONCOEFFICIENTDROPSTOAPPROX������&ORCALCU
LATIONOFTHECORRELATIONCOEFFICIENTSWEUSEDTHE(ILBERTENVELOPEOFTHESIGNALSINSTEADOFTHE
SIGNALSTHEMSELVESDUETOHIGHERROBUSTNESS�
 4HEMEASUREMENTSWERE REPEATED FOR DIFFERENT NOTCH DEPTHS AND VARIOUS CENTER FRE
QUENCIESOFTHEINPUTPULSEASWELLASFORDIFFERENTPROPAGATIONPATHS�)N&IG���THERESULTSOF
THECORRELATIONANALYSISAREDISPLAYEDFORPROPAGATIONPATHS!$�AND!$��COMPARE&IG���	�
FORNOTCHDEPTHSOF��������AND���MM�ANDFORFREQUENCIESOF������������AND���K(Z�
RESPECTIVELY�
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!
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�MMNOTCH���MMNOTCH

&IGURE���4YPICAL GUIDEDWAVESYSTEMRESPONSEOFTHE4ITANIUMELBOWALONGPATH!$�FORTHE�MMAND
���MMDEEPNOTCH�RESPECTIVELY�2EDCURVES�REFERENCESTATEWITHOUTNOTCH�BLUECURVES�ELBOWWITHNOTCH�

0ATH!$�0ATH!$�

&IGURE���#ORRELATIONCOEFFICIENTSASAFUNCTIONOFNOTCHDEPTH�HORIZONTALAXIS	ANDCENTERFREQUENCYOFTHE
INPUT PULSE �COLOURED CURVES	 FOR PROPAGATION PATHS!$� AND!$�� OBTAINED BY COMPARING THE PARTICULAR
(ILBERTENVELOPEOFTHETIMEDOMAINRESPONSEATSENSOR$WITHTHEREFERENCEMEASUREMENTWITHOUTNOTCH�!S
AGENERALTRENDTHECORRELATIONCOEFFICIENTDECREASESWITHINCREASINGNOTCHDEPTHANDINCREASINGFREQUENCYAND
THUSSERVESASASENSITIVEDAMAGEINDICATOREVENFORTHELONGPROPAGATIONPATH!$��

!S A GENERAL TRENDWE FIND THAT THE CORRELATION COEFFICIENT DECREASESWITH INCREASING NOTCH
DEPTHANDALSOWITHINCREASINGFREQUENCY�4HESERESULTSAREPHYSICALLYPLAUSIBLESINCEINBOTH
CASESTHEINTERACTIONBETWEENGUIDEDWAVESANDTHEDEFECTISENLARGED�&ORTHESHORTPROPAGA
TIONPATH!$� THEOVERALLDROPOF THECORRELATIONCOEFFICIENT IS TOVALUESBETWEEN����AND
�����&ORTHELONGERPATH!$�THEOVERALLDROPISONLYTOVALUESBETWEEN�����AND�����BUT
STILLSIGNIFICANT�EVENFORTHELOWESTFREQUENCY�

4HERESULTSREVEALEDTHATUNDERLABORATORYCONDITIONSCRACKLIKEDEFECTSHAVINGADEPTH
OFONLY���OFTHEWALLTHICKNESSCANBEDETECTEDBYSUCHAMONITORINGSYSTEMEVENINCOM
PLEXGEOMETRIESWITHFLANGES�WELDSEAMS�ANDCURVATURES�ANDINCASESWHERETHEWAVELENGTHS
ARENOTSIGNIFICANTLYLARGERTHANTHELATERALSIZEOFTHEDEFECTANDWHERETHEDISTANCETOSOURCE
ANDRECEIVERISRATHERLARGE�

)N FIELD TESTS AWORSE SIGNALTONOISE RATIOCANBEEXPECTEDDUE TOBACKGROUNDNOISE
ANDOTHERDISTURBANCES�(OWEVER�DUETOTHEFACTTHATTHECOUPLINGCONDITIONSREMAINCONSTANT
ANDTHEEXCITATIONISREPRODUCIBLE�THEMEASUREMENTSCANBEREPEATEDMANYTIMESINORDERTO
INCREASETHESIGNALTONOISERATIOUNTILITREACHESANACCEPTABLELEVEL�
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4HEGENERALCONCEPTIONOFTHE3(-SYSTEMISSHOWNIN&IGS���AND���

&IGURE���#ONCEPTIONOFTHEMODULARTRANSDUCERSYSTEM�4HE3(-NETWORKWILLBEABLETOMANAGEDIFFERENT
KINDSOFTRANSDUCERSANDSENSORSFORLOWANDHIGHTEMPERATUREAPPLICATIONSANDFORLOWANDHIGHFREQUENCY
MONITORING�

&IGURE���#OMBINATIONOFLOWANDHIGHFREQUENCYMONITORING�7ILETHEPASSIVELOWFREQUENCYNODESWITH
ACCELERATION AND STRAIN SENSORS ARE RESPONSIBLE FOR GLOBAL VIBRATIONMONITORING OF THE STRUCTURE �PROVIDING
INFORMATIONONBASICBOUNDARYCONDITIONSCAUSEDBYHANGERSANDDAMPERS	THEACTIVEHIGHFREQUENCYGUIDED
WAVENODESAREUSEDTOMONITORLOCALCRUCIALANDERRORPRONEPARTSOFTHEPIPINGSYSTEM�

Edelmetall -  
Elektroden

Signalkabel 

LaGaSi - Einkristall 

Glaslot

Stahlrohr 

0IEZOELECTRIC,ANGASITESINGLECRYSTAL
TRANSDUCERSFORHIGHFREQUENCYANDHIGH
TEMPERATUREAPPLICATIONS�DIRECTCOUPLING
VIAGLASSOLDERS	

�&RAUNHOFER)3#	

0IEZOSTACKTRANSDUCERSFORHIGHFREQUENCY
AND HIGHTEMPERATUREAPPLICATIONS�INDIRECT
COUPLINGVIAACOUSTICWAVEGUIDE	

�7")	

0IEZOFIBERANDPIEZOCERAMICTRANSDUCERS
FOR HIGHFREQUENCYANDLOWTEMPERATURE
APPLICATIONS�DIRECTCOUPLINGTOTHEPIPE	

�.-7	

!CCELERATION AND STRAIN SENSORS FOR LOW
FREQUENCY AND LOWAND HIGHTEMPERATURE
APPLICATIONS�DIRECTORINDIRECTCOUPLING	

�-ONITRAN	

$ECISION
3UPPORT

3YSTEM�$33	

�

�

�

#RUCIALERRORPRONE
PARTOFTHEPIPE

0IEZOARRAYSFORGUIDEDWAVE
MONITORING�LOCALINFORMATION	

!CCELERATIONSENSORS��
FORVIBRATIONMONITORING

�GLOBALINFORMATION	

�

,OWFREQUENCY
NODE�PASSIVE	

HIGHFREQUENCY
NODES�ACTIVE	

HIGHFREQUENCY
NODES�ACTIVE	



%ACHSINGLENETWORKNODEREPRESENTSAFOURCHANNELMONITORINGSYSTEMWHICHISABLETOMAN
AGEDIFFERENTKINDSOFACTUATORSAND�ORSENSORS�4WODIFFERENTTYPESOFNODESAREAVAILABLE�ONE
FOR HIGHFREQUENCY GUIDED WAVE MONITORING AND ANOTHER TYPE FOR LOWFREQUENCY VIBRATION
MONITORING� %ACH SINGLE NODE CAN BE COMBINED WITH SEVERAL OTHERS RESULTING IN A MULTI
CHANNELMONITORING SYSTEM�6ARIOUS TRANSDUCERS FOR LOWANDHIGHTEMPERATUREAPPLICATIONS
AND FOR LOW AND HIGHFREQUENCY MONITORING CAN BE USED AS EXEMPLARY DEMONSTRATED IN
&IG����

(OWEVER� THEKEYCONCEPTOF THEPROPOSEDAPPROACH IS THECOMBINATIONOF LOWAND
HIGHFREQUENCYMONITORINGASSHOWNIN&IG����7ILE THEPASSIVELOWFREQUENCYNODESWITH
ACCELERATIONANDSTRAINSENSORSARERESPONSIBLEFORGLOBALVIBRATIONMONITORINGOFTHESTRUCTURE
�PROVIDING INFORMATION ON BASIC BOUNDARY CONDITIONS CAUSED BY HANGERS AND DAMPERS	 THE
ACTIVEHIGHFREQUENCYGUIDEDWAVENODES AREUSED TOMONITOR LOCAL CRUCIAL ANDERRORPRONE
PARTSOFTHEPIPINGSYSTEM�"OTHLEVELS�I�E�LOCALANDGLOBALONES�WILLBECOMBINEDADAPTIVELY
DEPENDENTONTHEACTUALSTATEOFTHEPIPINGSYSTEM�4HEMONITORINGRESULTSFROMBOTHTYPESOF
NODESWILLFINALLYMERGEINAJOINTDECISIONSUPPORTSYSTEM�$33	BASEDONCASEBASEDREASON
INGOROTHERLEARNINGAPPROACHES�4HIS$33ISSTILLUNDERDEVELOPMENT�

��#/.#,53)/.3!.$/54,//+

4HERESULTSOBTAINEDSOFARCLEARLYSHOWTHATGUIDEDELASTICWAVESINTHEFREQUENCYRANGEBE
TWEEN��AND���K(ZAREWELLSUITEDFORDETERMINATIONOFPIPEDEFECTSHAVINGDIMENSIONSAS
SPECIFIEDBYTHEINDUSTRIALPARTNERS�4HEEXISTENTWAVEMODESCANBECLEARLYIDENTIFIEDBYUS
ING THEORETICAL AND NUMERICALMODELS AND THUS� THEMONITORING SYSTEM CAN BE ADJUSTED AND
OPTIMIZEDTOTHESPECIFICPIPEGEOMETRYANDTOTHEKINDOFDEFECTTOBEIDENTIFIED�

)T CAN THEREFORE BE EXPECTED THAT A GUIDEDWAVE BASED 3(- SYSTEM IS ABLE TO EFFI
CIENTLYCLOSETHEGAPBETWEENHIGHFREQUENCY.$%INTHE-(ZFREQUENCYREGIMEONTHEONE
HANDANDLOWFREQUENCYVIBRATIONANALYSISONTHEOTHERHAND�4HEGOALSOFANOVERALLMONITOR
INGSYSTEMTHATCOMBINESLOWANDHIGHFREQUENCYDATACANBESUMMARIZEDASFOLLOWS�WITH
INCREASINGLEVELOFCOMPLEXITY	�

�� )DENTIFICATIONOFDEFECTS�2AISEANALARMIFADEFECTISPRESENT
�� ,OCALIZATIONOFDEFECTS�)FADEFECTISPRESENT�DETERMINEITS�APPROXIMATE	POSITION
�� 2ELEVANCEOFDEFECTS�3TATE IF THEDEFECT ISRELEVANT FOR THESTRUCTURAL INTEGRITYOF THE
PIPE

�� 2ESIDUALLIFETIME�4RYTOESTIMATETHEREMAININGLIFETIMEOFTHESTRUCTURE

&ROMOURPOINTOFVIEWAN3(-SYSTEMBASEDONELASTICWAVESANDVIBRATIONSISABLETOCON
TRIBUTETOTHEFIRSTANDSECONDPOINTINTHEPRECEDINGLISTATLEAST�4OMEETTHESEREQUIREMENTS
APPROPRIATEDAMAGEPARAMETERSHAVE TOBEEXTRACTED FROM THEDETECTED SIGNALSANDEFFICIENT
IMAGINGTECHNIQUESHAVETOBEDEVELOPEDBYUSINGSYNTHETICAPERTUREARRAYTECHNIQUES�4HESE
METHODS HAVE TO BE ROBUST AGAINST SPECIFIC AND IRREGULAR BOUNDARY CONDITIONS� E�G� A FLUID
LOADEDPIPEINSTEADOFAFREEPIPE�TURBULENTFLOWSINSIDETHEPIPEETC�4HESEASPECTSARESUB
JECTSOFONGOINGWORKWITHINTHE3!&%0)0%3PROJECT�
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4HEPRESENTWORKHASBEENSUPPORTEDBYTHE#OMMISSIONOFTHE%UROPEAN#OMMUNITIESINTHE
FRAMEWORK OF THE SPECIFIC TARGETED RESEARCH PROJECT 3!&% 0)0%3 �3AFETY !SSESSMENT AND
,IFETIME -ANAGEMENT OF )NDUSTRIAL 0IPING 3YSTEMS	 UNDER THE �TH FRAMEWORK PROGRAM
�.-0�#4����������	� 4HIS SUPPORT IS GRATEFULLY ACKNOWLEDGED�7E ALSO THANK ALL OUR
PARTNERS IN THE3!&%0)0%3CONSORTIUM� ESPECIALLY.-77ÓRZBURG FORPROVIDINGUSWITH
THE0:4FIBRETRANSDUCERS�AND$/73TADEAND-0!3TUTTGART�RESPECTIVELY�FORSUPPLYAND
MECHANICAL PREPARATION OF THE 4ITANIUM ELBOW� -ANY THANKS ALSO TO 7") (�CHBERG AND
&RAUNHOFER)3#7ÓRZBURGFORTHEPICTURESUSEDIN&IG����

2%&%2%.#%3
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;�=0�#AWLEY�-�*�3�,OWE�$�.�!LLEYNE�"�0AVLAKOVIC�AND0�7ILCOX�h0RACTICAL,ONG2ANGE'UIDED7AVE
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;�=&�3CHUBERT�h.UMERICALTIMEDOMAINMODELINGOFLINEARANDNONLINEARULTRASONICWAVEPROPAGATIONUSING
FINITEINTEGRATIONTECHNIQUESn4HEORYANDAPPLICATIONSv�5LTRASONICS���������������
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