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ThispaperpEもsentsamethodtosimulatethenawsjgnal,whjchisscatteⅡEdbytheside･dnlled

holeinthesolid,intheul極asonicimme面ｏｎtest・Theequationofthelineartime-shjftinvariant

system,ｔｈｅｍulti-GaussianbeammodelandtheqUasiboundaIyelementmethodalもappliedto

thenumeripalmodeＬＴｂｃｏｍｐａｴEwiththee]merimentxEsult,唾nectedwavebythenatsurfhce

ofaspecimenおusedasarEfb唾ncesignaltodetermjnethesystemef5ciency歯ctor､Simulation

andexperimentall巴sultsal巴comparEdtoveri6/theaccumcyofthemodel、

Ｋｔ２ｙＷｂｎｄｇ：Multi-Gaussianbeammodel，Boundalyelementmethod,Ｕ１”sonicwave,ｍａｗ

signal

１ｈt五rdl1師‘m

UltmsonicnoIrtk9sm1cljveeValuationiswidelyconductedin

steelindus位iesfbrcommlljngqualityofthepmducts・Fbr

pmdsetes廿ng,ｕ１位asonicimmersiontes廿ngisusedinautomatic

fashionstoeliminatetheneedofcouplants・Howeve喝

ultmsonicdetectionofveIysmalldefectssuchasindusionsis

verydj鐘cultwithculTentul位asonictesting．Ｔherもfblも，ｔｈｅ

pos副ｂｉｌｉｔｙｔｏｄｅｔｅｃｔｓｍａｎｎａｗｓａｎｄｔｈｅｒ巴qU1rBmentof

ul位asonictesljngcondi廿onsshouldbestudiedinboth

eaq〕erimentalandtheorEticalwmks、

ＷａｖｅｐｍｐａｇａｌｉｏｎａｎｄｒＥａｅｄｊｏｎｉｎｕ1位asonicimme嘘jon

tes材ｎｇａ]泡compljcatedduetoｔｈｅｐ唾senceofnuid-solid

interface､However,usingthemulti･Gaussianbeammodel('･2j，

ｔｈｅｗａｖＢＥｅｌｄｉｎｓｏｌｉｄｃａｎｂｅｅ缶cientlysimulatedwithout

complicatednumeIicalpmceduIE・Applyingthelineartime-shift

ilwaxiantsygtem(30,theulbFasonicmeasurもmentmodelwiththe

sameoonditionastheeﾖqleIimentcouldbeObtained、

The[もａｴもｓｏｍｅｌＥｓｅａｍｈｅｓｏｎｎａｗｄｅｔｅｃ廿onusingthe

combinalionoftheljneartime-shjftinvanantsystemand

mu]ti-Gaussianbeammodel《4.勘．Inthosepapers,thescatte唾ｄ

ｗａｖｅｍｍｍａｗｉｓｃａ]culatedinappmDdmationway､Kitahamet

alandN2kZlh2垣etaZstUdiedmEdwmiRmsofscattelもdwaves

usingilmnersiontestjngbyapplyingthemulti･Gaussianbeam

－１９－

modeltothetwodimensionalBEMofnaws(６，.However,inboth

pape応,theeq[penmentallもsult聡notshown．

’nleobjectivesofthisstudyaxも,the正fb配,todevelopthe

numericalmodeloftheulbGasonjcimmersiontestingandto

ven6ﾉtheaccumcyofthemodelbycomparingtheanalytical

rEsultstotheeqqOenmentallもsults､Themulti-Gaussianbeam

modelisutilizedfbrsimulatingtheincidencewave5eldmdiated

hDmtheimmersiｏｎ位ansducer・ＩｎｏｍｅｒｔｏＯｂservethe

scattenngofwaves,thequasitwodimensionalBEM⑧isapplied

toanalyzethenawmodeLmnally,thebeammodelisapplied

agajntoObtajnthescatteI℃dwavespechFuminhEquency

domain・Ｔｈｅｗａｖｅｆｂｒｍｉｎｔｉｍｅｄｏｍａｊｎｉｓｄｅｔｅｍfminedby

applyingtheinvelseFbuｴiertmnsf〕rｍｔｏｔｈｅｒＥｓｕｌｔｓｉｎ

鮭quencydomajn.'IhissimulatedwavefbrmisthencomparEdto

measurEdwavefbrmmmexperimenttoveri67theaccuracyof

themodel．

2.Mulli．Ｇ理､l璽皿Ｂ聖mModel

ThetimeharmOnicprBssurewaveinnuidgeneIatedbythe

transducerise9叩xEssedusingthemulti･Gaussianbeammodel(Ｌ
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"(ｘ,畠,の)＝Ｅ"(恥ルー蝋狗‘ik， ⑨

wheIもＸ=(x】,x2)．

ApplyingthespatialFbuliertmnsfbrmtotheequationof

motionyields

q肱風"(x,畠,の)＝‐pの2"i(x,畠,の） (10リ

Ｈ…,themgnalthｴ巴e-dimensionalpmblemis位ansfbrmed

toatwodimensionalpmblem.'IheboundaIyintegmlcanbe

writteｎａｓ

;(獅馴-噸x制）
＝1脚(x,ｙ４の)ﾉﾘ脇(y,畠,の）

‐鰯(x,yふの)鍬'(y,畠,の)]｡，,，

‐I[UMf(x,yふのｗ,畠,の）

‐?M‘(x,yふの)歌ｙ４の)]お’ (11）

wheresupeIBcriptMand‘伽，唾fbrtosolidmatelialand

incidentwave,Iもspecljvely,ByapplyingtheFouIiertmnsfbrmto

thethreedimensionalfimdamentalsolution,thefimdamental

solutionUIAXX&’○canbeObtainedasfollows⑧

U#(x,y,畠,の)＝

志{"6Ｗ卿ｗ雌[";抑)-";ⅢＭ]｝ (12）

Whe唾Ｈ;')()istheHankelfimctjonofthezemthomlderofth、

位冒tkind,ａｎｄ

R=[(x1-yi)』+(x塾-郡]''，

馬=(峰-鋤''2,〃i=(ﾙー鋤''@

(13）

(14）

ｗｈｅｒＢＡＴａｎｄＡＬａｴもthe泣面nsverseandlon印tudjnalwave

numbersdefnedbyAT＝αｿbTandAL＝αたしrespectively､ＩｎＥｑ．

(12),ﾉMItisthefbllowingdiHbrEntialopemtor

雌-左{納志
-嶋(Ｍα,+4,aａＡ)表-抑］ (15）

ｗhe[も，ｔｈｅｓｕｍｍａｔｉｏｎｗｉｔｈｔｈｅＧｒＥｅｋｓｕｂｓcriptstakesthe

－２１－

valuesofland2only・The位actionkemelisdefnedby

”(x,y,畠,の)＝ｑβｊＩ
6Uii(x,y,畠,の）

"β(y） （16）
6%

Assumingthetmction丘もebount腿lrycondition,theboundaxy

inte獣alequationinEq．（11）isdiscrEtjzedandsolved

num函callybrtheboundalydisplacementonSAfter

determiningtheboundaｪydisplacement，thescat巾eIもd

displacementinsolidisObtained躯

"『・州,の)=lIU冊'(x,y,畠,の)抑,畠,の)心

一瞬(x,yふの)"(y,畠,の)心（'7）

、位Dducingthefﾖr-Eeldapprmdma位on，thescatterBd

displacementinthesolidcanberEducedto

"『c:ん'(Ｘ４の)＝

whelも

ＺＱ？(え畠,の）
α＝Ｌ,Ｔ

expMxl+"ﾉ4)）
､/雨冒両

(18）

Ｑｆ(x,畠,の)=噂(蝿,の)le-‘…ｗふの)心
一蝿(xふの)"ｊ(y）

Ie-i…"('',畠,の)‘Ms,，（'9）

似,小4億[-噸
一銚似+城)一蹴A‘］（20｝

仙馴言吉[棚＋
鍋いふ刺十抑‘］（2'）

恥馴雲釧一息好卿

走[恥猟胤…]｝
‐烏(砿十砿)一弘Ａ＋

古[2脚蝋恥蒔
僅肱十24肌)+2純,城](221



囲霞

が

Fig.３U1tmsonicimmersiontestingsyste、

帆小差唯[-耽猟
一鍬ル刺}幸吉[≦或蝿
一縦(26Ｗ､+2砿為）

‐2爵Ｗ§期、

ApplyingtheiIwerseFburiertran8fDrmtoEq.(18）,thescatteⅡＢｄ

diBplacementinthrEe･dimensionalspaceisObtajned

卿:…Ｍ=黒去匡叩馴

・鞭綜"１１．鞭鮒鵡
Ｚ"『…(x,の）
α＝Lｒ

4.IjnearTYme･Em]jftmwanantqmSygtem

(24）

FYgurE3illustmtestheimmersionultrasonictes付ngmodel

basedonthelineartime･shjftinvariantsWstem,Thevultage

outputymmanaw，showninoscilloscope,canbewritten

accomingtothelmsystem③ａｓ

"(の)＝β(のＷ(の)凡(の)q"(の)Z"(の）

』(の)Zc(の)Cs。(の)Rc(の） (25）

wher巴及のisthesysteme伍cienEyf圏ctor,ﾉM〔のistheattenuation

innuidandsoljd,Ｈのisthewavepmpagaljon,αのisthebeam

pattemoftmnBduce喝、(のisatransmissiDncoef6cientat

nuid-soljdinterface,and』(○isthescatterBdwavehDmnaw､In

thispapemeatbemuationterm城のisneglected

4,１ｍ“⑨ntwave

mEq.(25),thetermofPMu》ｑＡの醜のisconsdde唾dasthe

inddencewaveinthesolidjustbefb皿chittjngthehole,whichis

e5叩rEssedbyEq.⑤､Thecomponentsoftheinpidentα(α＝L,T）

wavecanthenbewnttenas

－２２－

目

才ｉ Water

STB‐Ａ１

FYg4REfbrEncee5q9eⅡimentalsetup

『
rｎＩｎ

Ｈｇ５画merimentalsetup

噺(の)=exp{焔､,+iい!｝

cw:(の)=堂抑)4』厘皿画亜
”｡，、/耐7両､/耐7両

。,|，側二Ⅷ}
噸の)=-型‘α;’

ｊの

Hence,ｗｅｈａｖｅ

"’"(x,の)＝２"(の)Ci"(の)Z"(の）

＝Ｚ噺(の)q:(の)噺(の）
α＝ＬＯＴ

4.2.Scatte唾ing住Dｍｎａｗ

(26）

(27）

(28ウ

(29）

z′'isusedasaninputtothequagitwodimensdonalscatteⅡing

modeLAfterthenumeEicalana]ysis,thescatterもｄｗａｖｅｴ巴sult

mmquasitwodimensionalBEMisObtainedHOweverbwhen

anmginalthｴもedimensionalpmblemisconsdderＥｄ,thef息r-且eld

scattereddisplacementiswrittenas

":c:"3D(x,の)＝z・純")｡x，(筈,M）β=L・Ｔ

(3①



(32）

CbmpanngEq.(24)toEq.(30ｳ,Qfbise9<pressedintermsof

thesolutjonofquasitwodimensionalBEMana】ysjs減がas
fbllows

(37）ﾘﾉh(の)＝β(の)ｊＥＭの)Ci"(の)ＲＣｓｃ(の)Rc(の）

lｘｌ
";…:β(x,の）Q＄(え,の)＝ (31）

蝋の)=exp{ilt,､,+批βx!｝

exp(jAβＭ） ＷｈｅＩＥＲｉｓｔｈｅｘＥａｅｃｔｊｏｎｃｏｅ缶cientofaplanewaveatthe

auid･solidinteⅢfacecalculatedan21ylically・ConsideⅡingata

centerljneofpmbe,thesimulationofrEnectedwaveonthe

Su1rfnceofSIBQA1is

lftheincidencewavewe[Eaplanewavewithunitamplitude，

thenQもhadcon鱈spondjngto,4畑,ｗhe唾,4伽聡the

componentofA(dfbrthescatte唾dβwave・

Inthisstudy,however,theincidentwaveis印venbythe

multi･GaussianbeammodelasshowninEq.(29）.Thusthe

m(natjonpat力ｅｍＱもgivenbyEq.(31)canbewrittenby

凡(の)Q"(の)ＲＣ,c(の)EC(の）

吻
一
“

雨
一
両…剛陰へ

蜘雲志雲w')４

(38）=ＯＲ(の）

oxp(岩M)麓:…ＭＱも(え,の)＝

＝＆(の)C"(の)Zh(のＭβ(の）

－２３－

……希……｡……
ＣＯ[Tespondjngtotheave唾geofscatterもdwaveoverthe唾ceived

征ansducersurface､TheegqlonenlialtermofC(のisignorEd・The

systemef6cienpyfactorcanbecalculatedby

晩oftherBfb唾nceeqqlenmentisObtajned・

FbrthisrEfbEもnceeqqperimentalsetup，theUITsystem

equationcanbewritteｎａｓ

4.3.BadKlpmpagatjon

FHnally,Ｒご側qc(⑫73c(⑳ｉｎＥｑ.(25)isthebackpmpagation、

nlecomponentsofthebackpmpagationβ(β=L’'1ﾂwavecanbe
writtenas

β(咋器 (39）

嘩,|Ⅷご州Ｉ

(33）

TbcomparBthesimulationrBsulttothee5qperimentrEsult,Ｅｑ．

(36ｳismultipliedbythesysteme伍ciencyf嵐ctor風の．
J耐戸而Ｊ而下両

5.CompariBonbetweenmqperimentandSimulatiDn

’1ｈｅ位温nsducerusedinthiseqqlerimentおthePanametxics

V306,whichhasthecenter且Bquencyof2､２５１V旺Iz,andthe

elementdiameterisl3mm・mlespecimenusedinthjsstudbﾉisa

s均ndamdcalibralionblDckA1OglBA1),withtheside･dlilled

holeof1.5mm-diametemFatl5mm-depth丘omthetopsurfhce,as

showninFYg5・Bothendsofside-drilledholearEattachedwith

thewaterrEsistantadhesivetapestopmtecttheｈｏｌｅｈＤｍ

ｗａｔｅ】aT11ematerialpmpertiesofSIB?A1arEcZ＝5900ｍ/ＳＣＴ＝

3246ｍ/Sanddensity＝7900kg、3.ThewavGvelocityofwateris

l480m/Sandden副tyislOOOkg/ｍ3．

FYguｴE6showstherefbrcncewavefbrm,ｗｈｉｃｈｉｓｒもnected
伽、ｔｈｅ＆ＵｎｔｓｕｪｆａｃｅｏｆＳＩＢ?Ａ１，ａｎｄｉｔｓｓｐｅｃｂｍｍ・ＴＹ１ｅ

員ｉｍ'nl2tionrもsultofnawechoscatteⅡＥｄｗａｖｅｉｓｓｈｏｗｎｉｎＦＹｇ

７(a).Theresultofthee詞,erimentisshowninFYg､7⑥.Ｈ垂,the

echohDmthe丘untsurf嵐ceofspecimenisalsoShown,Itshould

benotedthatthenawechoObtajned伽mthesimulamnisina

ve[ｙｇｏｏｄａ厚もementwiththatObtainedmmthereal

eｮqOenmentintermsofwavemormandamplitude．

4.4.Refe画meModelandSygtemE缶EiencyE道ctor

FHgurも４showstherEfbxもmceeqKpenmentalsetup・ＴｈｅJIS‐

写也nd2rd唾1ihmtionb1ockA1(SIB9A1)isusednlewavefbrmof

theechor巴aectedhDmthesuｪｆａｃｅｏｆＳＩＢｑＡ１通acqUj工Edasa

rEfbrEncesigmal､ApplyingFburiertransfbrm,thewavespecbFum

､/而戸両､応雨雨

Her巴,theaverageofscatterもｄｗａｖｅｏｖｅｒｔｈｅ位ansducersurface

isincludedTheequationfbrthesdmulationvoltageoutputK⑳

ofthescatter巳dwavemmside-drilledholecanbewrittenas

(36）

噂(の)＝p,cbiのTβ;P｡β;Ｐ

到
鋤
く
く

γ(の)＝Ｑ3D(の)Rc(の)Ｑｃ(の)Zc(の）

＝ＺＱも(の)曜(の)“(の)軍(の）
α＝Ｌ,丁
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(b)砥q9eriment

仕omside-dnlledhole(q,=23ｍｍ）
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Fig.７mawsignal
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（b)Wavespectrum

EYg､６Thee】qle[imentalrBfb虹もncesignalrEaectedhDmthe

函ntsuｴf息ceofspecimen(Q｢=94ｍｍ）
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6.Ｓｕｍｍａｴy

mthispape鴎thenumericalmodelofthenawsignalinthe

immer富iontestisdevelopedbasedonthemu]ti･Gaussianbeam

modelandBEM.、lemainadvantageofthismodelistoprBdict

thenawsi厚]alwave,whichwillappearonosdlloscope、

nlesimulationandeqqperimentofultrasonjcdetectionofthe

side-dnlledhOleinSIB弓Ａ１ｗｅ唾Econductedino[dertoveri6ノ

efEciencyandaccuraq7ofthepruposedmodel・mle唾sultofthis
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