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A Crack Shape Reconstruction using Finite and Boundary Element Method arising in Eddy Current Testing
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This paper is concerned with a computational method for sizing a natural crack of SUS sample used

in a boiled water pressure type of nuclear power plants. Measurements can be made by transmitter-

receiver coil probe with the use of a conventional eddy current technique. The crack signals can

be detected as induced currents of the receiver coil. We formulate the mathematical notation of the

eddy current testing in three dimensions and develop the numerical code by applying the hybrid

use of boundary and finite element method. Natural cracks are approximated by a finite number of

EDM cracks and the related forward analysis can be implemented by our developed code. Finally,

a parameter estimation technique is proposed for sizing each of those EDM cracks using genetic

algorithm. The results of computational experiments with the laboratory data are summarized in the

last section.
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B AREEENECL ESREETLOMEIZOVT
ﬁ&%o%<3ﬁuﬁwfu‘H%%ﬂm%?uyﬁuﬁ&

CBIBERC L AL AV oSRERIREL, 204
wn*xxf Y EDOWEIZ L) BEEET 5. 4TI, MHE
M7 N T) AL & DRI FEERET L, SRIBIROE
FRMNB LU, ZHICHE) 77— 7 R— AOMEE L R K
T, BT — v ik aG9MOBELIT I,

2. MREIREE & BAERRARE T L
Fig. 1 \24 I % & L A2 30BN & 2 o 44 7 s o0 B [
vFT. WEHIE 2Ty FICHH 2 Twb SUS304 #12
LBPME L. EOpRIZ m&mMLtiéw4Nuur
EDM AV v M) &5 1w L TEFT N EMET L, Hif7
D= 734D F v RN EHTHMAT L LAEITE S
boEL, TEO 2Ol Ve HE, BETAVELTE
RTELHER#E D, Fig. | TE 2D 23 1 00— H50)
i (F81E) 24 vie 1 M2l (%(E) a4 Vv Tha
BRI T & AL 2 R BT @ B VL, Maxwll R
KB NANLZEMZRITCOBWR Y PIVRT Z vl A
EMEAANTETF Vv p O IC L iR TE s D
Fig. 1 DERM O % 3 K2 — 2 ) v FLM O 4 YK
V Ed 4, MV O E ISR L2 A4 Vo528
WREAIMLAL &, ZOEFLELAMHE (R -V) 128175
AR PVEF Yy MEROET VORI,
e T RS T 0
Ho
po \EILZETh OEREEE, 70 T, REHRET AV ICEINY 5%
MO REREENY PV x b 6bd, — Ik TdHh
5 SUS M DA N2 PLEF Y v b AR AN T
RFDY N B MPERE LTUTFOXNTHLILNS,

L“LVEA + jwo (A + V) =0 2)
0
V. jwo(A+ V®) =0 in V 3)

o (S RERM OB, w \XEINE 2 A L D ASHE T o JE R
O IFERANT—RT Yy ¢ DM TH D, M,

(1-3) D {A, )} A 6 ERM AE T ET MR J. X

Jo = —jwo(A+ V) 4

TROBIEHNTEL, BAELLBBRIZEZ2ZBEI VO
ARG/ S Ml Z iy | 70 b S ) VAl 1 ) BN W/ )

Ho Je(r')

Ao(r) = A fy |r— ']

dv (r') (5)

THZONB, r BLU Y F 74—V FEBLF YV —AR%E
HME A 3RICZEM Loty P ThDH, FilR, BED
ANOFRETIIRNANTHL6NS,

Z&—ij}é.&pdt (6)
JC
TN REEIANOEEZHTH S, LIBEOBREESIE,
EUOEETALEDES ZCLEAUOEELEVWE ZDE
5720 LD,

AZ=z-2° @)

wiEthfES L LTIk, Fig. 1 THRET L2, LLos
REIANVEFEHMMWICAF Yy T2 L2 D 2%TOEM
WA A=Yy —

AZim = AZ(zh, 2, Ts) for 1=1,2,--+,L

m=1,2.--, M (8)

PWEHTED, L, (2),2),T) BNESOMEEZFRL
T,

AR A (1-3) (R DS = A0 2 8] Lo P s, h
T4 N HFOEAEEAHERE LoTWADT, AR
BMTIAAMESRE, ZAMBCTHERERESEHTAI VD
W B HER S - AT A O R R AT IR S B O,

Fig. 2 (2R T X912, HIREES L URERE LS8 %
N Nb
Vet g e | | 8 Q)
e=1 e=1

ET B, RN PVEF VR TBRANTET
LD EBOBORD L ICEWNT S,

A= [NT[{AZ,}, {45, ), {45 1T

= N7 {2}

Fig.2 Hybrid use of FEM and BEM



TN BEAHE ARME) 0OFREZXEMNKDO XY
PLTHE, MEDLD HHENS ML {A) B LU {04}
FEREFRKRDL S 12RET 5.

{Aa} = {42, A2, AL}, (@4} = {29}

BMREFEFBEXEREILLY, U3, RKOREFE
Riz@gfash s,

([P + [QD{{Ad}, {®4}}T = {F} (10)
SITC, LI, RKOFRE#ITHTH 5.
(P] 0 0 [Pu]
0 (P] 0 [P
W o o ol el |

(Pa]" [Pa]” [Pas]”  [Ps]T

1
w=—2/wme4mwwmm 12

[szl—onZ/ M v, k=123 03

[P3] = poojw(Li] (14
ERFO Ny GREHEDOHREXBEEORKERT. £
1R 7 A (QEERERN S R A RERMS M
BRMAFITHY, KDEHIZHLONE.

@] 0o 0O
Q@ = 0 [Q)] O )
0 0 [Qo]

Qo) = S {IRIGI™(H]) + (RIGIH)T)  (15)

N;.
=3 [ [Gms] as. o
(H] = i é/s [ag:] [N]s.]7dS. an
Nh
m=%;mewm%& (18)

THs. LXDPON BREMHAOBAREZEESOLNT
Hd, COMBIIBITIBRBEFOERBIZ, X)) &b,

1

Infr = 7] {19

u'(r,r') =

THE2bNE., LIzhoT, RBRMBREOHRELZESD
fMEEEEr ET5E, R3U6), AT HDORY MV UK
L) 0 i HHNDEXRRBOBD

Uy = u(nr) rese 20)
o) _
on |, —

Ed. F-RNU)DOEBDEENRS MV

%%mﬂ €8 @n

{F} = (R)[G) ' [{Fx, }, {Fz. } {Fus }IT (22)

AMe

{Fu,} = Z/ [U2)JepdVE (=1,2,3)  (23)

Tigh&hsd, CCTVSRREIINVOBREERESS (B
EBM)THAH, 72U &

Us)i =u’(riyr’) 7' e V¢ (24

THb. 7KL, i 3BREFEOMAEETHS. NxM
DWESICBTBREIANVONBEES (vl,v],7:) TH
RBEFTNIE, EENRY FUIE, ZOHIES S RBM O
MR EICHETES, LAXF>T, REEFIZOHWES
TR (10) 2 E, DTOREICL VEBES 2T
BIENTES,

([Pl + [@){{Ad}, {8a}}T = {F}(vi, 93, %5) (29
Zij = [C]{{Ad}1 {(I)d}}T('viavg’ﬁ(i)' (26)

FRo= MV 2 RACUEREIAINVOFEREZETHIEIKX (S)
BIXUG) OAHBREMNIZE->THRESNIHERI~< )2 AT
H5bo

3. EWEF & BB
RECUEMBECRRABRESR - ARERFAEICL LM
B Ial—Ya IilonTRIET 5. EBT— 5T ¢
B RECEBSNAHMSEREERL TTo 7. £8
WV 2B FHE U 10.0mm @ SUS304 # (EEF o =
1.39 x 10°S/m, B po = 47 x 107" H/m) T 5. Fig.3 D
I, CoOMBRLEASICBEMLTICK S, EE 2.0mm,
1 0.3mm, & & 10.0mm DK D EDM R Y v FAMFE & h
TWwa, COEBRTHWAEI L LDOY L XiT Figd 1I2R 7.
IANDEERIT (N, =)5205—>ThHhy, ERIZBWVWT
13 (w/20007 =)20kHz, (I =)1.0[A] DRHBEHZ V. ¥
Ial—YarilBVTl, COERZLETHLAREED
WMBFXOLTHIL T, ERIIRHETEIRES A-V%
T 5, SEOBLEZEHIHEFHIZTANAHIBH LK
ERF—-FEETFIVHDEDOLBE Fig5 IIRT. XBHMH
KHBEO S EFFETIHBINET VLB OGE, ARE
FORMARFEL 2 EIC X DEHEBEIREEICERIC
%A, ABRXTR, - 2ROBNET AR EBADE

X3

Transmitter
Coil 0.3mm

+©

6.8mm -5 one eneeeeeee e
Scanning X3
A tine |
Receiver [ 20mm
Coil T |
0 X, Xy

Fig.3 Sample material with single crack



Transmitter
124 Coil

Fig.4 Coil used in the expreiments

BMBICHEREDELI LT EFNMENEIHEST L, Z0OF
Bk A0 L7280 Fig6 O L 9 %, I 03mm, E 2 5.0mm
fmémkkf%mmmﬂmxufbﬁgwJMS%WT
wmm ATV AREM EER L, MlEer—% EEhgb

TR B A -V G LA, Fig 73 & Bl
L%F@G@i)HJ%H34WW&MLKW@kﬁT—§
EEFAMDERLAZSODTH D, Fig 8 3HIET 2 2 k0
DWEA A =T Ial—yORBEA A= TR LTW
Do DEO#FENPOBNER  HARERIENEIZ LY 20
L—2a rTHONZETFTIVEGHEBETES LRSS
EREB LT RESfohTwasZ Edbdh b, KT
. CONBITa— F2 w2y 5y 7 o RIRIKREIE T
IZDWTHES S,

4. BB EHOIFEBIKET
AT, 24 VOBRINETOZE AZ 12T 5B
A, BRI 5 2 A O RN 7 S i e A s
TAHMMMTFELRET S, N CORKRED L2, WE
MT7NT) AL+ A7200R GO -5 7%
BI%9). Figd Tmd L9110, HMERIWEOLELROH
EROELATHUTEL LD LIET B, & 3 HORIGE
cw & xy HIAOME ¢, BB 5P LD EShTVWE L0 L
TAHE, REOBIREZZIINT 2z HIDUKN 0, 2%
Bdq', ZRBREFO=Z20o01F43—7 q=(¢°q¢" ., ¢>) IC
IDEMTLIENTEDL, ZOIHILTHRERD (%
HofE#iz 2 ROMB K 085 2 =52 b g,
a = (qa, Qi)
= (¢h, ¢ G s A, Gk @7
Tl ¥ 4. Fig9 220 —fl&R¥d, SZEIKQ) %
Tm%&wam%%tD&LF%mﬁﬁ bwqu®—
JEK)Y ZHAEMITE TV 26) BT A LICE D,
TV OELQGDYE
AZim(o(g;)) =
The (HI{{Aa} {27 - 20,) (v, 05", 75)  (28)
&N BRI A -V ROBILWTCEL, L 2D,
BEFVLVEEGIIBULRBA A=V ETE, BiEaA
LVEFEO RS w THET S E, TRIE A A=Y

]Real ﬁata ki
Simulation Data -

2 5 N
2
[-F]
g 17 ]
=)
>
-
g 0 r %
<
(=9
B .1} ]
=
— _2 = 2

-3 I L | L 1

-3 -2 -1 0 1 2 3
Real part of voltage (V)
(a) Lissajous
0 -

Imaginary part nof voltage (V)

-0.2

04 f
0.6 |

-0.8

34

-1.4 +
-1.6
-1.8 +

Real Data_ K“M’Pﬁ“—
Simulation D}w i

0 0.005 0.01
X,(m)

(b) Imaginary part

Fig.5 Real data and model output for the single crack

X 2
Transmitter
: 0.3mm 3.0mm
Coil i S
_i_ .
6.8mny----- R S FR | T e ———
wdn Scanning lme
Receiver, | § 1 & i
Coil
0 X,
X
3
H 1 Umm
U
o
(I.Smmi = ﬂ E? Omm
s
2 Omm 2, (]mm ! X,

Fig.6 Sample with multiple cracks



Imaginary part of voltage (V)

1 r Simulation Data

1 1

'Real Data —+—

-1 0
Real part of voltage (V)

Fig.7 Real data and model output for multiple cracks (Lissajous)

0.015 -

001 |

0.005

0

Imaginary part of voitage (V) Imaginary part of voltage (V)
T T T 0.5 T T
0 0.015
0.5
0.01 c
A f
-1.5 0.005 - ﬁ
=) f
= 5 -25 0
0 0005 0.01 0.015 0 0.005 001 0015
(a) Measurement image (b) Virtual image

Fig.8 2D magnetic image

X,
q: qiy
qaf, |
] e e ‘ AR
O Gy Cpy O i
2 k
X5

a= [ah]ahad|a%]at] gz |at] alfa]

I;: Nm:nber of a crack

Fig.9 Coding mechanism

0.5

-1.5

-25

{AZE A ey PRI S A, [ F Bl AT [ 1 g, 12
WIET B EF N {AZin(g)} o ey PR (28 12X D E
Wahsd, ZoMEFEE q OBRBLEICEEE, 1 AT
2 i

fitness; = Z Z —IAsz J-AZL P 29

R Plin

Lo THMITE S, AL TIE, GA Ofift x.ﬂ{‘le &
L T IR E GASSGA) 2 IRH+ % ©, Zhid 1 #qtic
WTT ¥ FLRIEN 2IcH L, &L, 5*%&5%11
R BE D T S IS EE DR D D FIER L SIS EE O f v
A L LT & RIS BT B i LR 5 #EL
Sy DURBMITELT ) FiETH b,

5. FTHEREEIOER

AT, AIHICHRE L7 LoIEBUEHAR 12 SSGA % i
ML 32— Ya y ERORErRY, EBET—
Y OGBS X UERIZM WM I3 D Fig.6 LHLETH
Do W EEICBL T, REBIURZORLL5MO
AL & % (EDM Crack) % %5 [H]

Case | : 3.0mm, Case?2:2.0mm, Case3:1.0mm

TR L7 3EBORBHICE WVEE LA 1Y E-F R
Ak 2y 1042 0.2mm [IFET (L =)91 &1, 22 J71Z 1.7mm
Bk (M =)11 AE L7z, Z#OM e 134T 03mm &
L. (K=)5BoXRoRKNT2—5 g ritEl. SHO
L3 2084 (Case 123) DEEIZOVWTHEROE
PAE xR fiorz, e EROBH T A—% (°,¢'.¢) 1%
ATRE LD .,lla)ﬂ FIHEAF L2z & D, K35 A—
¥ ORFEREA

¢® = {0.0000,0.0017,0.0034,0.0051,0.0068,
0.0085,0.0102} (30)

¢ = {0.0017,0.0034,0.0051,0.0068,0.0085,0.0102}

¢ = {0.0005,0.0010,0.0020,0.0030,0.0050}

EL7. BEBEHOEFVIBDICMT ST - R—A1F L
D8F A —=F B LUWESRNE (RAFv= > 70, Bk ik
M) OHAEbED L LTS LAz, FEBTH W/ SSGA (2
B2 BT E A, A, %, RUERRERER
Table 1 (2 F k& 4, i it 5548 (2 CPU #° Celelon 1.3GH =z,
Wi AE) —E512MB, L —F4 ¥ ¥ ¥ A7 4l Linux
OS(Fedora core 2), 70 7 7 A ld gee(Version 3.3.1) @ 2 » /3
4T, SOFECEL NI Case3 DHE TS
S 13 THoTt, &I Tld. Case-1, Case-2 3 & UF Case3 I
B A HORESREHERIE % Table 2 1277 F. Table I2BWT
T o 2ol A F R T D P A S Tl
FRLTWA,



Table 1. Control parameters used in SSGA

Number of generation 1000
Number of gene population | 100
Cross over rate 0.5
Mutation rate 0.05

Table 2. Estimated parameter values

Case 1
Index q° q q°
k= 0.0068 0.0051 0.0005
k=2 *0.0051 | *0.0085 0.0010

(0.0068) | (0.0050)
k=3 | 0.0068 0.0050 0.0020
k=4 0.0068 0.0050 0.0030
k=5 | 0.0068 0.0050 0.0030

Case 2
Index 4 q q°
k= 0.0068 0.0051 0.0005
k=2 0.0068 *0.0068 0.0010
(0.0050)
k=3 | 0.0068 *0.0068 | 0.0020
(0.0050)
k=4 0.0068 0.0051 *0.0020
(0.0030)
k=51 0.0068 0.0051 *0.0030
(0.0030)
Case 3
Index q° q q?
k=1 | 0.0068 0.0051 *0.0010
(0.0005)

k=2 | *0.0051 | *0.0068 | 0.0010
(0.0068) | (0.0050)

k=3 | 0.0068 0.0051 | *0.0010
(0.0020)

k=4 00068 | *0.0034 | *0.0020
(0.0050) | (0.0030)

k=5 | 0.0068 0.0051 | *0.0020
(0.0030)
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