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Fig. 1: An approach toward quantitative nonde-

structive evaluation of natural cracks.
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Table 1: Performance of developed rotating ECT probes.

ﬂl%‘?ﬁ“"ﬁ’-ﬁ

[ O -t R
PERTAIEIZINVES
05 & UAT e Z 2T
XFI L TR

)]
s wAF L REE T
o7

Ta— 7% S ’f%i% EDM Kiggihirt | s
[l AL - R R S IR 774 FaTEHN SN EDM10%0 | - EREBERLTE T
Bz H -7 TR R THud 4 SORREER P, [@EL | FAEE L OMAE | R AR S 1 B0E
[22][23] - Bl W - EEOERGT | BRERE HEHL TR | SatkEw
DIEBHHEETS, S | - BEIA L 4 OB - AR L AT
MOMAHEEE L CHmE | ROKEE 34 U MH D
BT AR 24 AR, XYZ
Bt (Fig.8 BI8)
B AR ' mzz: TREREa AV | AR ea | - AW EDMI0%D | - B e |
iy —7 OREPLIFARED./ 1 | wiEEsdd 2 SRk | EHaBIUMAE | FEET, By SN
24)(25)(26) TIROFET 1 BNEROETHEN | HTRHILTHINTRE | &0 SBEOMMRIENL
- BB D L WERICE | Ha A L AR - U= T OREEE
T B INER AR L - BAMBLOEAEOR | 507 M TSN
il BRI A 20 g | /S < SN e
ATHVA (Fig.s £8)
2 B R - BEREEROERED | 7274 AT RACA | - SR EDM10% O | RRR, BB L UNE
Aol MOF T LR | EREECLESSER | 4 OREEEEREL XY 0 2 | BANE L UsAR MOEEEIIE AT
plETa—7 R OB A LobeTgE | (CEROARME SR
[27)[28) CRET A VALERASIL | - BT | - SRR 2D B
PERONRT—ART } S | ¥uoF v 7oL VERE | &I )
LERD FRAAVCER | (Fig10 B8)
RS, ERgEIREHE
E#7s TR 3 BB AVEERTAI | - —Oo0BEa AV ERS | - AR EDML0%S | - EFER, BB LURE
[T T—7 L DAAABLUET | MBLUHANERREE | AAMBLUEAN | UOBENETIIERLD
{29] [0y & 3% KB L TR DEBER 2 A LB AR L CHIATRE | B eI (1 S DES R
CEBRRIIC LB YT M | (Fig 11 B8) A5 | BT L Y, &
AN R oA % RIHITRE
— AT CHEREE R RV ORBiR | - BAmBLUWAMII— | - SHE EDMI0%O | - SR BRI ORE
[ElgE 7 o7 ETSNABMED A ALY | SRR ERARESELE) | ENmE LS WEELT~NTOHET
[30][31]{32) — A B A AR Mo fne—oogihias | AR LCHRINTEE | SN DLECR
C RO E | V2RO (Fig.12 208)
WENTAE S
Table 2: Performance of developed multi-ECT probes.
TU—TF Tk g EDM XFEEEFE | ERRRRER
TR & CETA VRS LR | - AR T LR - A EDMI0%® | - K, BB LU
NI TR-T oA e LTEHOBAS | [ANC 35, 120 FEOBEE. | ARMBLOHAT | W0d HIKEETHE EDM
[33] CHICEEAmB LU | BRI 10 Oz 4LrE | ARIIL TRIEATEE | 20% 0 SEDRRETEE
A EREFRR LTl | & (Fig.13 £8) :
—FRIEET - BB TR R TORoERE | - FAE X UEATIC— - Hi EDM20% % | - TERK, SRBIUEE
2 NFTO—7 EFSNET A MATL Y | e RERERE S5 BAm: L O8AR | BeH 5 PEETIHE EDM
[34] —HRGIRE AR B n EEAEC 32 80 | AT L THRIEETE | 40% %) ZZDIRETEE
-HEEEER O OME | Slo 4 L EED (Fig.14 - B AIEEEEA 300mm

/sec OFIREE

(121)

243
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Fig. 12, Simulated volt-current characteristic for three-phase model.
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Fig. 13, Simulated current waveforms &t typical operating condition.
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Fig. 14. Simulated voltage waveforms at typical operating condition.

current waveforms and the voltages across the three phases of the limiter for a typical fault condition.
The distortion of the waveforms after the fault is due to the swing of the operating flux density of the
core from the saturated state to the unsaturated state. In the simulation, the B-H characteristic of the core
is represented by two straight lines; one representing the saturated region with a magnetic permeability
of 445 and the other representing the unsaturated condition with a magnetic permeability of 1.
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Table 3: EDM slit size of the masked EDM sarmple.

Group A Group B
Crack Number f1 2 13 4 5 16 17
Max Depth{%) 21 44 31 24 46 29 50
Length (mm) 10.3 4.6 3.0 2.5 5.0 121 7.0
Width (mm) 0.21 0.21 0.31 0.21 (.22 0.22 0.24
Direction C C A C A A A
Shape Rectangle | Elipse | Elipse | Slope | Slope | Rectangle | Rectangle
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C:Circumferencial Defect, A:Axial Defect

Table 4: Crack size of artificial IGA/SCC sam-
ples.

Sample name 98-704 98-705 98-707
Max. Depth(%) 64 ' 66 100
Length{mm) 4.0 7.0 12.5
Width(mm) 3.0 0.5 0.7
Direction C C C
Type IGA/SCC | IGA/SCC | IGA/SCC
Number of crack a few single single

(a) 98-704 (b) 98-705

(c) 98-707
Fig. 17:
IGA/SCC samples.

Cross sectional view of artificial

Table 5: Points Evaluated.

3/N | Depth (Diff.) | Length (IDiff.) | Point
<1 NDD NDD 0
<2 20%< Smm< 1
<5 <20% <5mm 4
<10 <10% <3mm 7
10> <5% <1lmm 10

NDD:No Detectable Degradation
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Table 6: List of participants and probes.

Operating principle

Organization Country | Probe name
Tohoku Univ. Japan Differential receiver type TR probe Defferential T/R
Oita National College | Japan Rotational magnetic flux type probe Rotational magnetic flux T/R
of Technology
Oita Univ. Japan UNI-PIPE Multi-frequency spectrogram
. MAT-PIPE Multi-frequency spectrogram
Kanazawa Univ. Japan Planar type meander/figure-of-eight Differential T/R
coil
Polytechnic Univ. Japan Uniform eddy current rotational probe { Uniform eddy current T/R
Nihon Univ. Japan Rotational mutual-induction probe Uniform eddy current T/R
Technical Univ. of Poland Defferential eddy current probe Differential bobbin tipe T/R
Szczecin
Institute of Chemical | Czech Dubble ring probe differential T/R
Technology
Nuclear Engineering Japan Rotational T/R probe Absolute T/R
Ltd. (NEL) Rotational + point probe Differential impedance
Rotational pancake probe Absolute impedance
High performance array probe Array T/R

Table 7: Samples for field mock-up round robin test.

Sample Defect Defect Defect Defect
type location direction depth
00-17 Straight area QA
00-18 ocC
00-21 EDM Expansion IA 20%
00-22 transition area oC
93-114 | IGA/SCC } Straight area ocC 54%
93-205 Expansion OC 57%
transition area

OA:Outer Axial Defect, OC:Outer Circumferential Defect, IA:Inner Axial Defect

Table 8: S/N ratio comparison of field mock-up round robin test.

Sample Noise source Probe

Structure Deposit A |BijC|Di{E|F|G]JHI|I

00-17 —— —— 15 | 6 1418
TSP Permalloy | 27 512116103319

00-18 —— —— 246 | 3 1 2 4
TSP Permalloy | 82 2| 5118|135 [4]86

00-21 — —— 25 10
TS Permalloy [ 51 M1 14] 5334
TS Copper 61 711413 ([3|3]|4

00-22 - —-— 149 4
TS Permalloy | 100 4 3 6 12213
TS Copper 30 4 3 612213

93-114 —— - 54 3
TSP Permalloy | 29 3 714137

95-205 - - 103 7
TS Permalloy | 158 7 11 {41314
TS Copper 312 7 115 ] 314

TSP:Tube Support Plate, T'S:Tube Sheet
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£ Lunth (5CC)
B Langth GEOW
[ Depth (SCCY
5 Camth EDAE
140 B Small EOM

Fig. 18: Total performance of probes.

71 Largth (SCCY
8 Lararth (EDM)

Fig.  19:
{Weighted)

Total performance of probes.

Deposit - .
it::;gm Defect %///////
Tube s
Support .
Plate
Expansion ' f///%%
Transition :
Area

Fig. 20: Layout of noise source setting.
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HEHILEET 6 2T EDM KERAL IGA/SCC
FEEEU ISR O AL THA (Table 7). T
FAREE T (IR, IR DAMTREE IR L L
THEE 30 ¢ m, 1810 mm OIEFERPHEEE (23—
TUA 45) HEMER L Fig.20 (ORTIEBY 15BN 4
Rz & 77
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T# DRk OEREREEE ORI Ey, BRId7o—
7 A D SN HAELLTWAS, Zhid/ 4 A05%
gD TH — T EETRE DML HD. 42T
0—7 B, CA70— 70Ok LI~ OHERAE
WTE %o 72000, ThbUHOTO0—7 e
TDT — A BV TR ATTTRETH A 2 & 498
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1980 #7425 2000 XK £ ¢ ECT BhEDGLT
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H5. i, 1995 FLIED 6 ELNORI T0% %
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74—V NRABEEROmE (T2 5), THHREOS0aH
AR ANE (150 ) 23ES7, FIZBWTIE
HHETOWIR (35 #7 ) 7 6 TZIREREIC & 5 REiEH
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Others

usa

Germary %

~ Japan

France

Fig. 21: Country ratio of ECT researchers.
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Table 9: E’'NDE workshops.
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199549 H 21 H, 220 HER3GH
&5 W.D. Dover (University College London)
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#f%:S. Udpa (Iowa State University)

%6 E’'NDE-Budapest
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#%f%:J Pavo (Budapest University of
Technology and Economics)

#7H ENDE-Kobe
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#%:G. Dobmann (Fraunhofer Institute)

VCTORIGREN S AAHRIL, EHEE, AR

b LSRR T EELLNE.

T %¥&8

FEFRTIE, AR AEM F& B A BRRER
{ZEE AR & LCIEIREHEERI B A I5TEE)
(IOWTHES L 72, B, 1998 L0 3EMICh
7R3 7 — ADOMIEEI T L '

w1 72X, B2 1—X, B3 71—X%
EhE7: 10 FEIIRFNHRE T 7 » P OBERRELESR
ERE O E L B L Lo - THRRILT 52k
VEHE L TIEB R R L T A2 RRILIIERIE O
WREOBEL L RROF 1 V0 7 (Z2TE, BiE
B, LIEENCNR) HEROBRO 2 DI bR,

250

AE I BT ORI L WL TH Y, BE
T ATRFE (m 2 —FbAk v b7 — 2 RBIENT IV
TN RLuE) ORRETH -2, YHETMED
TFEORENTH o2 L, B3 72X
TOREOMIS ARSI T SO TWEBY Th
B, BRI HEW LRGSR TS, (58
BOIRERAERAN T B ER LT EE S R,
HEWVERI SR, YN EERIRY
ZlEAML, BREICERL-bDEEILNS,

AEFSE PWRS Eh&tte (b)) BTz v=
Ty OEIZL D AR AEM FEEMICERE SRS
[ECT 12 X % & R Hass s 2 B+ 2 hoe s
AREORREND—ETH D,

EEM

(1} T. Takagi, M. Hashimoto, H. Fukutomi, M.
Kurckawa, K. Miya, H. Tsuboi, M. Tanaka, J. Tani,
T. Serizawa, Y. Harada, E. Okano and R. Mu-
rakami, Benchmark Models of Eddy Current Testing
for Steam Generator Tube: Experiment and Numer-
ical Analysis, Int. J. of Applied Electromagnetics in
Materials, Vol.5, (1994), pp.149-162.

[2] T. Takagi, M. Uesaka and K. Miya, Electromagnetic
NDE Research Activities in JSAEM, Electromag-
netic Nondestructive Evaluation, {1997), [0S Press,
pp-9-16.

(3] T. Takagi and H. Fukutomi, Benchmark Activi-
ties of Eddy Current Testing for Steam Generator
Tubes, Electromagnetic Nondestructive Fuvaluation
(IV), 10S Press, (2000), pp.235-252, .

[4] T. Takagi and K. Miya, ECT Round-robin Test for
Steamn Generator Tubes, B3 AEM 2488, Vol.8,
No.1 (2000), pp.121-129. '

[5] R. Collins, W. D. Dover, J.R. Bowler and K. Miya
(Eds.), Nondestructive Testing of Materials, ISBN:
90 5199 239 4, IOS Press, (1995).

[6] T. Takagi, J. R. Bowler and Y. Yoshida (Eds.),

Electromagnetic Nondestructive Evaluation, ISBN:
90 5199 325 0, [0S Press, (1997).

[7] R. Albanese, G. Rubinacci, T. Takagi and S. S. Udpa
(Eds.), Electromagnetic Nondestructive Fuoluation
{1I), ISBN: 90 5199 375 7, IOS Press, (1998).

[8] D. Lesselier and A. Razek {Eds.), Electromagnetic
Nondestructive Evaluation (III}, ISBN: 90 5199 444
3, 108 Press, {1999).

[9] S.8. Udpa, T. Takagi, J. Pavo and R. Albanese
(Eds.), Electromagnetic Nondestructive Fvaluation
(IV), ISBN: 1 58603 023 X, 10S Press, (2000).

[10] J. Pavo, G. Vertesy, T. Takagi and S.5. Udpa

(Eds.), Electromagnetic Nondestructive Evaluation
{V), ISBN: 1 58603 155 4, I0S Press, (2001).



BEAEM ¥ &3k

Vol 9, No. 2 (2001

[11]

[12]

(13]

[14]

(15]

16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

F. Matsuoka, Calculation of a Three Dimensional
Eddy Current by FEM-BEM Coupling Method,
Proceedings of IUTAM Conference on Electromag-
netomechanical Interactions in Deformable Solids
and Structures, (1987), pp.169-174.

J.C. Nedelec, Mixed Finite Elements in %, Numer.
Math., 35 (1980), pp.315-334.

A. Kameari, Three Dimensional Eddy Current Cal-
culation Using Edge Elements for Magnetic Vec-
tor Potential, Applied Electromagnetics in Materi-
als, (1988), pp.225-236.

Z. Badics, H. Komatsu, Y. Matsumoto, and K.
Aoki, Inversion Scheme based on Optimization for
3D Eddy Current Flaw Reconstruction Problemns,
Journal of Nondestructive Evaluation, Vol.17, No.2
(1998), pp.67-78.

Z. Chen, K. Miya, and M. Kurckawa, A Knowledge
Based Method for Fast Evaluation of ECT Signals,
NDTEE International, Vol.32, No.1 (1999), pp.29-
36.

T. Takagi, H. Huang, H. Fukutomi, and J. Tani,
Numerical Evaluation of Correlation between Crack
Size and Eddy Current Testing Signal by a Very Fast
Simulator, IEEE Trans. Magnetics, Vol.34, No.5
(1998), pp.2581-2584.

M. Tanaka, H. Tsuboi, K. lkeda, and M. Kimura,
Computational Results for Benchmark Problem
Step5-3: Conductor with a Crack and a Support
Plate, Electromagnetic Nondestructive Evaluation
(IV), I0S Press, (2000}, pp.219-226.

N. Yusa, Z. Chen and K. Miya, Quantitative Pro-
file Evaluation of Natural Crack in Steam Genera-
tor Tube from Eddy Current Signals, Int. J. Applied
Electromagnetics and Mechanics. (submitted)

H. Huang, T. Takagi, H. Fukutomi, and J. Tani,
Forward and Inverse Analyses of ECT Signals
based on Reduced Vector Potential Method Using
Databage, Electromagnetic Nondestructive Evalua-
tion (II), I0S Press, (1998), pp.313-321.

HtE, RELE, AT, /1 X SLitiEREEs»5
OUARREREAT, HAMRESFARICER (A ), % 66 %, 641
& (2000), pp.63-70.

N. Kubota and F. Kojima, Coevolutionary Opti-
mization in Uncertain Environments, Proceedings
of the Jth Japan-Central Europe Joint Workshop,
(2000), p.5.

M. Oka and M. Enckizono, Non-destructive Testing
by Using the Rotational Magnetic Flux Type Probe
for SG Tubes, Short Papers of the Tth International
Workshop on Electromagnetic Nondestructive Eval-
uation, (2001), Kobe, pp.23-24.

M. Oka and M. Enckizono, Eddy Current Testing
Using Rotational Magnetic Flux Type Probe for
SG Tube, Electromagnetic Nondestructive Evalua-
tion (V), IOS Press, (2001), pp.234-241.

(129)

24

(25]

(26]

[27].

28]

(26]

(30]

(31]

32]

[33]

(34}

WERZ, AR, BN, REORTRERGEMAES
O—7i2o%C, JSNDI Pk 11 SERAGSlaiaE,
(1999), pp.1723-1740. N
Wggey, LR, SNIEE, BRRIE B A EE ORI M
=P BHEPEE T — 7120w, JSNDI TR 12 £
R RHIMESR, (2000), pp.97-98.

HiEEE, LR, BN, BREORTHREI B S 30
12 & BHEE O/ NS R EREPHE 7O — 7120w T, JSNDI
SERL 13 FERERER A SRS, (2001), pp.53-54.

T. Chady, M. Enckizono, T. Todaka, Y. Tsuchida
and R, Sikora, Flaws Detection and Characteriza-
tion Using the Multi-frequency Excitation and Spec-
trogram ECT Method, Electromagnetic Nondestric-
twe Evaluation (1V), 1OS Press, (2000), pp.87-94.
T. Chady and M. Enokizono, Multi-frequency Ex-
citing and Spectrogram-based ECT Method, Jour-
nal of Magnetism and MagneticMaterials, (2000),
pp.700-703.

H. Huang and T. Takagi, Shape Reconstruction of
Natural Cracks with a Differential TR ECT Probe,
Review of Progress in Quantitative Nondestructive
Evaluation, Vol. 20A, (2001), pp.764-771.

M. Hashimoto and D. Kosaka, Development of Ro-
tation ECT Probe Detecting Axial and Circumfer-
ential Cracks using Uniform Eddy Current Exicita-
tion Coils, Electromagnrtic Nondestructive Evaluo-
tion (V), 108 press, (2001), (in press)

M. Hashimoto, D. Kosaka, K. Qoshima and Y. Na-
gata, Numerical Analysis of Eddy Current Testing
for Tubes Using Uniform Eddy Current Distribu-
tion, Proceedings of the I0th International Sympo-
stumm on Applied Electromagnetics and Mechanics,
May, 2001, Tokyo, pp.507-508.

Y. Nagata, D. Kosaka and M. Hashimoto, Devel-
opment of Rotation Uniform Eddy Current Probe
and Field Mock-up Test of Steam Generator on Nu-
clear Power Plant, Proceedings of The Third Asian
Symposium on Applied Electromagnetics, May, 2001,
Hangzhou, China, pp.98-99.

H. Huang and T. Takagi, An Arrayed Multi-coil
Eddy Current Testing Probe Designed with Help
of Numerical Simulation, (to be presented in COM-
PUMAG 2001).

M. Hashimoto, D. Kosaka, K. QOoshima and Y.
Nagata, Development of ECT Multi-plobe Detect-
ing Axtial and Circumferential Cracks Using Uni-
form Eddy Current Excitation Coils, Short Papers
of the Tth International Workshop on FElectromag-
netic Nondestructive Evaluation, May, 2001, Kobe,
pp-19-20.

251



