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1.1 O0O0OOon

gboodgooa,bofo,gboobooboobo,bogbogbogboooad
gb,b0bobodgbudboobobbo,ggboobobooboboboa. go
O00000000200408000000000003000000000 [1)(Fig.1.1)
O000,000000000 (000000000 0bD)0Do00ooo0O (BoL,JSME)
Oooboobooboboboogooooooo,20050,200600 JSMEODODODO
000000000000 [2,3,4. 0000000000000000000OOO0O
gbgobuooboobuoobuoo. boobooboobooboobo2060
gobobogsgbboooobbuooobobobo. ggbboo,gbbbuoogbo
gbbogbbbobbuogboboooboooboob,ogbboobboano

gogo.

Fig. 1.1: Pipe fracture accident in Mihama Nuclear Power Plant.
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gbboboooboooboobuoobboobboobboobog,boooboo
O000o0o0oO0oO0o0oO0O0O0O0O0O0O0ODOO0ODODOODOOODODOODDODO (Fig1.2). OOO

gogo,vuTooobgobooboobobbooobooo.
l.ogdbobobooilglgoboboooobobboooon.
2. 000000000, 0000000000OODOO.
. 0gboobooboobobbobooboobuooboobg.
4. 0gobOoobOobboboobooboob,0obooboobooDon.

5. 000000000000 O00O,00oooooOooOog (5.

Fig. 1.2: Measuring method of the pipe wall thickness under the current technical

standard[2, 3, 4]. Yellow circles in the picture represent the measuring point.
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2. MsS(Magnetostrictive Sensors:0 00 0)000000
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00,00000000000000000, TOF(Time of Flight)DOOOO, 00
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(b) MsS Guided Wave Testing System.

Fig. 1.3: Current Guided Wave Testing system.
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Fig. 1.4: Pipe wall thickness distribution diagrams drawn up based on the report|[1].
(a) and (b) shows residual distribution by the distance 1 outer diameter downstrean

from orifice. (c¢) shows logitudinal distribution.
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A !

() (b) ()

Fig. 2.1: Schematic illustration of the Guided wave vibration modes:(a), (b) and (c)

represent torsional mode, longitudinal mode and flexural mode, respectively. Arrows

indicate each direction of the vibration.

(a) (b)

Fig. 2.2: Cross-sectional (r-6 plane) drawing of the torsional mode guided wave vibra-
tion modes. (a) represents T(0,1)mode and (b) T(0,2) mode. Arrows represent the

direction of the vibration.

r

(a) (b)

Fig. 2.3: Cross-sectional (r-z plane) drawing of the longitudinal mode guided wave

vibration modes. (a) represents L(0,1)mode and (b) L(0,2) mode. Arrows represent

the direction of the vibration.

12



23 UO0Ooooono

Fig.2400003000000000. Fig240 r,6,00000,0000,00
00,000000000.4b h00000000000,000,0000000.

gboobobboboboboobooboobo2100000.

pV2u+ A+ p)VV - u = p(9%u/ot?) (2.1)

000,u0000000,,000 [g/emdAp00000,v20300000000

goobo.ob,0o0o0b a0 FO00OD0OOOyOODOOO0DOODOOOO

oQg.
Ev
A= )
(1+v)(1—2v)
B £ (2.2)
h i)

gbobooboobobub bbb obobooboHODOODODOO

wdgoooggooood.

u=Ve¢+V x H. (2.3)

V- H=F(rt). (2.4)

0((24)0000,FO00000O0r000¢tO00OO0O00.O000O00O00O00O,000

UbdeobHDODOODOODOODODODDOODO.

viV3h = %9 /0t
(2.5)
vaV?H = 0°H/ot>.
000

vy = pu/p.
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0o0.000,

¢ = f(r)cosnb cos(wt + £2z),

H, = g.(r)sinnf sin(wt + £2),
(2.7)

Hy = go(r) cosnb sin(wt + £2),

H, = g.(r)sinnf cos(wt + £2z).

O000,0 (25)000D00000O0O0O0O0.

(V2 4+ w?/v})e = 0.
(V2 +w?/v3)H, = 0.
(2.8)
(V2 = 1/r* + W?/v3)H, — (2/r*)(0Hy/08) = 0.
(V2 —1/r* + W?/v3)Hy — (2/7%)(0H,./08) = 0.
g, bbdoooouooooooobb,

02 190 n?
Bn,z = [@ + - <_ - 1)]

T Oz

0 (2.7),0 (2.8)00 Bessel 00000000000,

B ar[f] = 0.
Bn,ﬁr[gi’)] =0.

(2.9)
Bn—l—l,ﬁr[gr - 99] = 0.
anl,ﬁr[gr + 90] = 0.

ooo,
o =w?/vi — & Br=w?jud - &2 (2.10)

O00.0 (21000000 agr=|ar|0 fir=10r|0 Bessel D0 JY OOOOOO

Bessel OO I, KOOOOODO.OOO,0 p000000000000.000 Bessel
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0000000000 Table2.100000. 0 (210000000,

f=AZ,(arr) + BW,(aqr),
g3 = AsZ,(B1r) + BsW,(Bar),
(2.11)
201 = (9r — 90) = 2A1 Z, 1 (Brr) + 2B Wogr (Bir),
292 = (gr + 90) = 2452, 1 (B17) + 2B W1 (Bar).

ooboo.0oo,zZ0Joooorooo,wioyoooo KOoooooo.oooo

000000000 ¢((=1,23)00000.000,p=00000,

9r = —96 = g1- (2.12)
000.0000000,

u. = [f'+ (n/1)]gs + £g1] cosnb cos(wt + £2),
ug = [—(n/r)f + Eg1 — g5 sinnd cos(wt + £2), (2.13)
u, = [—&f — gy — (n+1)(g1/7)] cosnf sin(wt + £z).

gobo.0bo-ogoooo,

€rr = Ou,. /O,

€. = (1/2)[0u, /07 + Ou./Or], (2.14)

oo = (/D) o (12) 4 1%y

gobo,0obbooda-ooooad,

Orr = ANA + 206,
Orz = 2/1J€rzu (215)
Oro = 2i€rg.

0000000 f,4,;0000000000000000000.0(2.150000,A

guoooooooo.
A =V?¢=—(a®+ &) fcosnl cos(wt + £2). (2.16)
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gobboboogoobbboooobbobuooogoobb,bbbboodbibia

ooooosoooa,
O =0, =09 =0 (r=a, r=0). (2.17)
DDDD.DDD(2.15)DDDDDDDDDDDD.
_ 2 2 " n, ., g3 /
o = A=A+ &)+ 20" + ~(g5 — ) +€a]}

X cos nf cos(wt + £z).

n+1

! )

7 = (=22 = 1) - g - 8200~ &

(2.18)
x sin nf cos(wt + £z).

n+1

00 = 1268 = "l + (L 1 )0 - L)
X cosnf sin(wt + £2).

0 (2.18)00 (217)000000000000 A4,A,,A43,B,B,B;000000000

goboboogoobobod,

C11 C12 €13 Cia Ci5 Cig A
Co1 C22 C23 C2q4 Co5 Cog A1
C31 C32 C33 C34 C35 C36 As
=0. (2.19)
Cq1 C42 C43 Cqq4 C45 Cyp B
C51 Cs2 Cs53 Csa Cs5 Cs6 B
| C61 Co2 C63 Coa Co5 Co6 | | By ]

goboo,0bobooggooobo,

Ci11 Ci2 C13 Ciqa Ci5 Cip
Co1 C22 C23 Coqa Co5 Co26
C31 C32 (€33 C34 C35 C36

Cq1 Cq2 C43 C44 C45 C4p

C51 Cs52 C53 Csa Cs55 Csp

Ce1 Co2 Cg3 Cea Cos5 Cg6
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goo.

gobboooobbs3buooobbogd.

en = [2n(n—1) — (82 — €)% Zy(ara) + 2\ a1aZps (ara). (2.21)
C1 = 2¢81a*Z,(bra) — 26a(n + 1) Z, i1 (Bra). (2.22)
C13 = —2n(n — 1)Z,(Bia) + 2)on 1 Zuy1 (Bra). (2.23)
e = [2n(n — 1) = (82 = €)a®|W,(awa) + 2000) W, 11 (aya). (2.24)
cis = 212 ) W (Bia) — 2(n + 1)€a) Wy (Bra). (2.25)
c16 = —2n(n — 1))Wa(Bia) + 2nB1a) Wy (B1a). (2.26)
Cor =2n(n — 1) Zy(a1a) + 2\n01aZ, 1 (c1a). (2.27)
Con = —£B1a2 Z,(B1a) + 26a(n + 1) Zpy1 (Bra). (2.28)
Cos = —[2n(n — 1) — f2a%|Z, — 2XoB1aZn 11 (Pra). (2.29)
Con = 2n(n — 1))Wp(a1a) — 2na,a) Wi (ara). (2.30)
Cos = —XB1a® W, (Bra) + 26a(n + 1) Wi (Bra). (2.31)
e =—[2n(n—1) — B2aW,(Bra) — 281aWp1(Bra). (2.32)
Ca1 = 2néaZ,(ara) + 2\ E1a®Z, 11 (aya). (2.33)
C39 = —npaZ,(Bra) + (8 — £2)a*Zy 41 (Bra). (2.34)
Ca = n€aZy(fra). (2.35)
C34 = —2nfaW,(aia) + 2a1a*W,, 11 (aqa). (2.36)
35 = —onBiaW,(Bra) + (8% — €2)a*W,,11(B1a). (2.37)
Ca = nEaW,(fra). (2.38)

0000000 30000000 (238) 0000000000 «0D0DODOVODODOO
O.00M0 00000 Table2200000. n=0000,00000000000

gobbobodoodg,bbuogobboooaobo.



agoo

C11 C12 Ci4 Ci5

€31 C32 C34 C Co3 C
D, = det T and Dy = det o . (2.40)

Cq1 Ca2 Cq4 C45 C53  Cs6

Ce1 Co62 Ce4 Ceos

ooo.000,0,=00 D,=00000000000LODOOOTOOOOODOODO

gbooboboooboooboob.oboobuoobo,ob e wo O
O000.0000b00b0b0obbo0boo0 ¢t w0 OoO,D1=0,D,=0
00000000 ¢00ibbwdOoooooooooooooon.000f vwd

OO0, 0000000¢00000wOOO0O0O0O00OO0O0O0O0OOOO0N.

_
=

_w
Up = &

2, (2.41)

gboobobo,boboboo¢boboboboboobDonoonooooonbog md

guo.

Table 2.1: Bessel functions used at different intervals.

Interval Functions used

1€ < w J(ar),Y (ar), J(pr), Y (Br)

v <w < | I(agr), K(agr), J(pr),Y(5r)

w < 12§ K(aur), K(aar), J(Bir), Y (Bir)

Table 2.2: Parameters used at different intervals.

Interval Parameters used

01§<w )\1:1,)\2:1

v2£<w<v1§ )\1:—1,)\2:1

(,U<U2£ )\1:—1,)\2:—1
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Fig. 2.4: Cylindrical coordinate

2.4 0000000 Wave Structured 000 0 [0

0000,0000000000000000,L000,7T000000000000,
0000000, Wave Structure 00000 . 00000000000 SS400000,0
00000000000000. 0000 E=201%10°00 p=7.90x 1030000
0v=03000.000000,0000000 a=0.025[m],0000 b= 0.0325[m]
000. Fig25-Fig280 00000000 T(0,1)00000 T(04) 000, L(0,1)
00000 L(04)00000000,0000000000
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Fig. 2.5: Phase velocity dispersion curves of Torsional mode guided wave. Red solid
line, Green dashed line, bule solid line with circle and Red chain line represent T(0,1)
mode, T(0,2) mode, T(0,3)mode and T(0,4) mode, respectively. Dimensions and of
the pipe specimen are followings: inner radius and outer radius are 0.0255[m| and

0.0325[m]. Young’s Modulus , Poisson ratio and Density is 201 x 10?, 0.3 and 7.90 x 10?,

respectively.
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Fig. 2.6: Phase velocity dispersion curves of Longitudinal mode guided wave. Red
solid line, Green dashed line, bule solid line with circle and Red chain line represent
L(0,1) mode, L(0,2) mode, L(0,3)mode and L(0,4) mode, respectively. Dimensions and
of the pipe specimen are followings: inner radius and outer radius are 0.0255[m] and
0.0325[m]. Young’s Modulus , Poisson ratio and Density is 201 x 10?, 0.3 and 7.90 x 10?,

respectively.
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Fig. 2.7: Group velocity dispersion curves of Longitudinal mode guided wave. Red
solid line, Green dashed line, bule solid line with circle and Red chain line represent
L(0,1) mode, 1.(0,2) mode, L(0,3)mode and L(0,4) mode, respectively. Dimensions and
of the pipe specimen are followings: inner radius and outer radius are 0.0255[m] and

0.0325[m]. Young’s Modulus , Poisson ratio and Density is 201 x 10%, 0.3 and 7.90 x 103,

respectively.
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Fig. 2.8: Gropu velocity dispersion curves of Longitudinal mode guided wave. Red
solid line, Green dashed line, bule solid line with circle and Red chain line represent
L(0,1) mode, L(0,2) mode, L(0,3)mode and L(0,4) mode, respectively. Dimensions and
of the pipe specimen are followings: inner radius and outer radius are 0.0255[m] and

0.0325[m]. Young’s Modulus , Poisson ratio and Density is 201 x 10?, 0.3 and 7.90 x 10?,

respectively.
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Fig. 2.9: Wave structure of the T(0,1) mode guided wave at 200[k H z] excitation. Red
solid line, Green dashed line and blue chain line represent the relative displacement of

radius, circumferential and longitudinal direction.
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Fig. 2.10: Wave structure of the T(0,2) mode guided wave at 200[kH z] excitation. Red
solid line, Green dashed line and blue chain line represent the relative displacement of

radius, circumferential and longitudinal direction.

25



1.0 1 wﬁ——m
'

=)
o
T
£
N
1
L
1
!

(=}
T
\
Il

'''''
.-
-

Relative displacement[a.u.]
g S
T
|

-1.0 I I I I ! I I I I I
22 23 24 25 26 27 28 29 30 31 32 33

Radial position[mm]

Fig. 2.11: Wave structure of the L(0,1) mode guided wave at 200[kH z] excitation. Red
solid line, Green dashed line and blue chain line represent the relative displacement of

radius, circumferential and longitudinal direction.
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Fig. 2.12: Wave structure of the 1.(0,2) mode guided wave at 200[kH z] excitation. Red
solid line, Green dashed line and blue chain line represent the relative displacement of

radius, circumferential and longitudinal direction.
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Fig. 2.13: Wave structure of the T/(0,1) mode guided wave at 600[k H z| excitation. Red
solid line, Green dashed line and blue chain line represent the relative displacement of

radius, circumferential and longitudinal direction.
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Fig. 2.14: Wave structure of the T(0,2) mode guided wave at 600k H z] excitation. Red
solid line, Green dashed line and blue chain line represent the relative displacement of

radius, circumferential and longitudinal direction.
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Fig. 2.15: Wave structure of the T(0,3) mode guided wave at 600[k H z| excitation. Red

solid line, Green dashed line and blue chain line represent the relative displacement of

radius, circumferential and longitudinal direction.
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Fig. 2.16: Wave structure of the T(0,4) mode guided wave at 600[k H z| excitation. Red

solid line, Green dashed line and blue chain line represent the relative displacement of

radius, circumferential and longitudinal direction.
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Fig. 2.17: Wave structure of the L(0,1) mode guided wave at 600[kH z] excitation. Red
solid line, Green dashed line and blue chain line represent the relative displacement of

radius, circumferential and longitudinal direction.
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Fig. 2.18: Wave structure of the 1.(0,2) mode guided wave at 600[kH z] excitation. Red
solid line, Green dashed line and blue chain line represent the relative displacement of

radius, circumferential and longitudinal direction.
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Fig. 2.19: Wave structure of the 1.(0,3) mode guided wave at 600[kH z] excitation. Red
solid line, Green dashed line and blue chain line represent the relative displacement of

radius, circumferential and longitudinal direction.
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Fig. 2.20: Wave structure of the L(0,4) mode guided wave at 600[kH z] excitation. Red
solid line, Green dashed line and blue chain line represent the relative displacement of

radius, circumferential and longitudinal direction.
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Fig. 3.1: Cylindrical coordinate.
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Fig. 3.3: Layout of the variables in an rf plane.The location of the zero-stress free

boundary is shown by heavy solid line. (a) is planar free surface, (b) is with a concave

corner in which the normal stress component in the cell is shared by adjacent cells.
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Fig. 3.5: Simulation experiments results: T(0,1) mode guided wave.
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Fig. 3.6: Simulation experiment results: L(0,1), L(0,2) mode guided wave.
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Fig. 4.1: Schematic illustration of the guided wave testing system for guided wave
transmitting and receiving experiment. The system is composed of the Digital Os-
cilloscope and filter, pulse-receiver, pre-amplifier, transmitting and receiving EMAT
ring array. The pulser-receiver and pre-amplifier is made by Japan Probe Co. Ltd.

:JPR-600C and PR-60.
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Fig. 4.2: Overview of the guided wave testing system.
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Fig. 4.3: Coils for the EMAT used in the guided wave testing system. (a) is for

transmitting EMAT ring array, (b) is for receiving EMAT ring array.

Table 4.1: Dimension of EMAT coils

For transmitter | For receiver
Internal diameter | Major 20.0 20.0
[mm] Minor 1.0 1.0
Wire diameter [mm] 0.26 0.18
Number of turns 15 30

gbobbogooooboboobo,oobbbooooobbbuoooob,boood

oo.
YTmode (r7 t) = /U:0 (r7 t) . (43)

OO0, T = (Fops, Oobs, 20ps) D0 000000000000, Tops, bobs, 2ops 1 00000
O00r-0000,00000,:0000000.0000000000000000

Table4.40000.
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samarium-cobalt

Xmagnet

racetrack coil

N approx. 10\

Fig. 4.4: Schematic illustration of the pair of the magnet used in the guided wave

testing syste and its dimensions. The material is samarium-cobalt.

Table 4.2: Experimental setup of the EMAT devices

Mode Pulsar Receiver Pre-amplifier

Voltage[V] 450 | Gain[dB] | 30.1 | Gain[dB] | 60

T-mode | Frequency|kHz| | 100 | HPF[kHz] | 70 - -

Cycle 5 | LPF[kHz] | 130 - -

Voltage[ V] 600 | Gain[dB] | 40.2 | Gain[dB] | 60

L-mode | Frequency[kHz] | 100 | HPF[kHz] | 70 - -

Cycle 5 | LPF[kHz] | 130 - -
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Fig. 4.5: Group velocity dispersion curves of the pipe specimen used in the experiments.
Black dashed line, red chain line, blue dashed line, red solid line and Gray solid line
represent L(0,1) mode, L(0,2) mode, L(0,3) mode, T(0,1) mode and T(0,2) mode.
Dimensions of the pipe specimen is follows: the inner and outer diameter are 0.495[m]

and 0.605[mm]. Young’s Modulus, Poisson ratio and Density is 207 x 10°, 0.3, 7.9 x 103,

respectively.

Table 4.3: Dimension of test pipe specimens

Parameter Specimen No.1
Material Carbon Steel (SS400)
Length[mm]| 1000
Outer Diameter 60.5
Inner Diameter 49.5
Young’s Modulus [GPa] 207
Poisson Ratio 0.3
Density[kg/m?] 7900
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Table 4.4: Parameters in the simulation experiment

Frequency[kHz| 100

dt[us] 10

Young’s modulus|GPa] | 207

Poisson ratio 0.3
Density [kg/m?] 7900
dr, dz [mm] 1
dé [rad] 0.0327
— Pulser | — Receiver

wave excitation
force IG 1; >)

)l

o/

serial-connected parallel-connected
torsional mode guided wave

w|Z
Y

Fig. 4.6: Layout method for torsional mode guided wave excitation and reception using
EMAT ring array. EMATS for transmitter are serial-connected and EMATS for receiver
are parallel-connected in order to enhance the signal intensity. Black arrows represent

the direction of the guided wave excitation force.
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1000

60.5

&) EMAT for transmitter

) EMAT for receiver

Fig. 4.7: Simulation and Experimental setup. The dark gray cubes are EMATSs for
transmitter and the light gray cubes are for receiving EMATs. 8 EMATs are allocated
at regular interval in the circumferential direction. The pipe length, inner and outer

diameter are 1.0[m], 0.495[m] and 0.605[m], respectively.
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Fig. 4.8: Comparison between simulaton and experimental result: dahsed green line
and solid red line represent simulation waveform and experimental waveform. The

circled numbers represent the propagation path of the guided wave shown in the Fig.4.9.
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Fig. 4.9: Schematic illustration of the propagation paths and the superposition of that
the guided wave reflected from the left-end and right-end of encounter at. Dark gray

cubes represent trasmitting EMAT and light gray represent receiving EMAT.

o8



Table 4.5: Comparison between Time of Flights and group velocities form simulation

and experiments (torsional mode guided wave).

Wave Bullet Index 1 2 3 4

TOF (Simulation)[us] | 153.6 | 312.3 | 458.8 | 785.8

TOF (Experiment)[us] | 153.6 | 308.2 | 465.4 | 774.9

TOF (Theoretical)[us] | 157.9 | 315.8 | 473.7 | 789.6
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rogbgobooboboobooboboo.Lobooboboobobobon
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Fig. 4.10: Layout method for longitudinal mode guided wave excitation and reception
using EMAT ring array. EMATS for transmitter are serial-connected and EMATSs for
receiver are parallel-connected in order to enhance the signal intensity. Black arrows

represent the direction of the guided wave excitation force.

0,L(02)000000000000000 TOFOOO0 Table4600000. 00
0000000000000000000000000000NAOOO. Fig4.90
000000000000000000000,000000,0L((02)000000
(1), 0 L(02) 000000 (2)000 (3)000 L0,1)000 (1)0000, 0 L(0,2)
000000 (4),0L0,1)000000 (2)00000 (3)0000000.L000
00000000000000000TOFOOO0OO0O000O00000000ooon,
TOFOOOOOOOO0O000000.

60



Normalized Amplitude[a.u.]

dead-zone

0 0.2 0.4 0.6
Time[ms]

Fig. 4.11: Comparison between simulation and experimental result of longitudinal mode
guided wave. Blue dashed line and red solid line represent simulation waveform and
experimental waveform. The circled numbers represent the guided wave propagation

path in Fig.4.9.

Table 4.6: Comparison between Time of Flights and gropu velocities from simulation

and experiments (longitudinal mode guided wave).

Wave Bullet Index 1 2 3 4
TOF (Simulation)[us] 90.0 | 185.2 | 289.8 | 355.2
TOF(Experiment)|1s] NA | 184.6 | 288.4 | 368.0

TOF (Theoretical:L(0,1))[us] | NA | NA | NA |354.3

TOF (Theoretical:L(0,2))[us] | 94.8 | 189.6 | 284.4 | NA
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Fig. 5.1: The Guided Wave Testing model.
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Table 5.1: Experimental setup of the EMAT devices

Mode Pulsar Receiver Pre-amplifier
Voltage[V] 450 | Gain[dB] | 30.1 | Gain[dB] | 60
T-mode | Frequency[kHz] | 100 | HPF[kHz| | 70 - -
Cycle 5 | LPF[kHz] | 130 - -
Voltage[V] 600 | Gain[dB] | 40.2 | Gain[dB] | 60
L-mode | Frequency[kHz| | 100 | HPF[kHz| | 70 - -
Cycle 5 | LPF[kHz] | 130 - -

Table 5.2: Simulation setup in the crack detection experiment.

Frequency[kHz] 100
dt[ps] 10
Young’s modulus[GPa] | 207
Poisson ratio 0.3
Density [kg/m?] 7900
dr, dz [mm] 1
do [rad] 0.0327

Table 5.3: Dimension of test pipe specimens

No. Material Length | OD ID Corrosion
] | o] | [mm)] | afmn] | bfmm] | cfm]

1 | Carbon steel(SS400) | 1200 | 57.0 | 46.0 | 100 50 2.75

2 | Carbon steel(SS400) | 1200 | 57.0 | 46.0 | 100 50 0.55
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Fig. 5.2: Schematic illustration of the experimental setup of the pipe wall thinning
detection experiment. The system is composed of pulser receiver(JPR-600C), pre-
amplifier(PR~60), transmitting and receiving EMAT ring array. The pipe specimen is
SS400 carbon steel: 1200[mm] length, 0.495[mm| inner diameter and 0.605[mm| outer

diameter
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Fig. 5.3: Simulation and experimental results of pipe wall thinning detection with
L(0,2) mode guided wave. The pipe wall thinning rate is 50%. Green solid line, red
solid line and blue solid line represent experimental waveform, simulation (with 50%

pipe wall thinning) waveform and simulation (without pipe wall thinng) waveform.
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Fig. 5.4: Simulation and experimental results of pipe wall thinning detection with
L(0,2) mode guided wave. The pipe wall thinning rate is 50%. Green solid line, red
solid line and blue solid line represent experimental waveform, simulation (with 50%

pipe wall thinning) waveform and simulation (without pipe wall thinng) waveform.
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Fig. 5.5: The relation between Pipe wall thinning detection signal intensity and the
actual pipe wall thinning rate. Black circles, green crosses and red solid line represent

experimental results simulation results and interpolation of the simulation results.
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Fig. 5.6: Simulation and experimental results of pipe wall thinning detection with
L(0,2) mode guided wave. The pipe wall thinning rate is 50%. Green solid line, red
solid line and blue solid line represent experimental waveform, simulation (with 50%

pipe wall thinning) waveform and simulation (without pipe wall thinng) waveform.
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Fig. 5.7: Simulation and experimental results of pipe wall thinning detection with
L(0,2) mode guided wave. The pipe wall thinning rate is 10%. Green solid line, red
solid line and blue solid line represent experimental waveform, simulation (with 10%

pipe wall thinning) waveform and simulation (without pipe wall thinng) waveform.
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Fig. 5.8: The relation between Pipe wall thinning detection signal intensity and the
actual pipe wall thinning rate. Black circles, green crosses and red solid line represent

experimental results simulation results and interpolation of the simulation results.
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Fig. 6.3: Schematic illustration of the algorithm to identify the shape of pipeline defect

with POD reduced order model and inverse analysis.
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Fig. 6.4: Dimensional set up in numerical experiment.
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Fig. 6.5: Comparison of the profile of detected signal between Guided Wave Simulator
and POD Reduced Order model. Blac solid line is simulation waveform and gray

dashed line is the reconstracted waveform using POD reduced order model.
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Fig. 6.6: Time-domain simulated detected signal profiles under the dimension in Fig.5.

84



00000000000,000000000 Qesimae 30000 (6.24)000.

Qestimate = (112[mm), 57%, 59%, 178°) . (6.24)

O00000,0000000¢q1000000 Nmm)(0OO0093%)0000000.
O0000000000000000000000000 20mm]000000000O0
gobbobuogod,bbouooobbbooooobbboooobobooa.o
g0oooobo0oboobboOobobg Fige.7TO00O. DOOoO0bOoO0boDbOoOobDOO
gbbogboboodbogbboogobboobbuoobobooobo,bogoo

gobboogobobobooooboboboooobn.

85



Relative Amplitude[a.u.]

R N WhUL OV~ OO

0 0.1 02 03 04 05 06 0.7
Time[msec]

Fig. 6.7: Reconstructed detected signal profiles with inverse analysis using POD re-

duced order model.
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