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ABSTRACT

Development of inside crack measuring technique for

pressure pipeline using speckle interferometry

By Chan-Ju Park
Advisor : Professor Kyoung-Suk Kim, Ph.D.
Dept. of Mechanical Design Engineering

Graduate School of Chosun University

As nuclear power plants (NPPs) are aged, the degradation of component
integrity induced by increasing susceptibility of defect has become to be an
important issue on the aspect of ensuring safety and operability and life
extension of NPPs. In particular, it 1is known that the current
non-destructive techniques have lmitations on the inspection of cracks in
wall-thinning defects in pipe bends and elbows. For these types of defects,
the integrity assessment methodologies and acceptance criteria are
incomplete up to now. Therefore, it is needed to develop new techniques for
nspection and to improve the basis technologies related to this area. The
reliable methods and acceptance criteria to assess the integrity of
components containing these types of defects should be also established.
Since the integrity assessment procedure and methodology for wall-thinning
defect in pipe bends have not been developed, especially, it is necessary to
develop the integrity evaluation methodology for wall-thinned pipe bends,
and the related numerical and experimental studies are required to support
the development of the methodology.

Therefore, the objectives of this project are to develop non-contact laser

application inspection technique for applying to the inspection of wall

- Xl -



thinning defects in pipe bends, and to establish the defect estimation and
integrity evaluation methodologies for these defects.

Most of the wall-thinning defects in pipe bends and elbows are caused by
flow-accelerated corrosion (FAC), so that it is mainly observed in carbon
steel piping systems. The thinning defect has occurred at various locations,
for example, extrados, intrados, and crown, which depend on flow patterns
in the pipe system. Also, the wall-thinned pipe bends have various bend
angles and are subjected to in—plane and out—-of-plane bending loads as well
as internal pressure under various restraint conditions. Finite element
analysis for not-thinned sound pipe bend showed that the deformation
behavior of pipe bends is affected by the bend angle, type of bending load,
and constraint conditions.

This study developed integrity evaluation methods based on artificial
intelligence techniques. In this method, PCA was used for a preprocessor
(denoising and data selection) of input signals, and fuzzy neural-networks
(FNNs), support vector regression (SVR), and fuzzy support vector
regression (FSVR) methods were employed for integrity evaluation of
components containing defects. The developed methods were applied to
estimate the collapse moment of wall-thinned pipe bends using finite
element analysis data. The results showed that the proposed methods give
an accurate estimation of collapse moment of wall-thinned pipe bhends
whose RMS error is less than 1.0%. Also, the uncertainty analysis of the
artificial intelligence techniques was performed, which provided the reliability
of the estimation methods.

This study designed and established specimens and testing system for a
failure test of wall-thinned elbow, and performed the burst tests using the
elbow specimens under various thinning geometries, thinning locations, and
loading conditions. Failure pressures for 25 test cases were obtained and

failure behavior were investigated from the results of experiments.
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Local failure criteria for wall-thinning defect, which are considered the
stress states at defected area, were derived based on tensile tests using
notched bar specimens and associated finite element simulations. By
applying the criteria to the assessment of failure pressure of local
wall-thinned straight pipes and elbows, the reliability and applicability of
the failure criteria were verified. Also, their reliability at operating
temperature of nuclear power plants (NPPs) were confirmed using the
tensile data obtained from the notched bar and grooved plate specimens
tests at the operating temperature of NPPs.

Parametric finite element analyses on the wall-thinned elbows were
conducted under various thinning geometries, thinning locations, and elbow
geometries. Combining the results of the analyses and local failure criteria
suggested by this study, failure pressure was calculated for each condition
and failure behavior was investigated. A failure pressure evaluation model
was suggested based on the calculated failure pressure for wall-thinned
elbows.

Finally, this study suggested a criteria for failure mode transition from
axial cracking to circumferential cracking at wall-thinned area, and provided
a map that presents the defect geometries to occur circumferential cracking
at wall-thinned area using the faillure mode transition criteria and

parametric finite element analyses results.
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AP (x,¥)= ¢ (x,7)— ¢, (x,¥) (2-49)

AZIAM, e kKA o] f1de dEhl, 91780l FWske Aol 914 gk
Agk ol dolwd 1 ko] 94 ghol 2m2 vlste] #

a2 W9l 27o A 0B WshE FRAME 2re] e 7421719 Fig. 2-16(a)
o EAEA 94 #E WAH FFAAH (O EFS54 Awd dH58
2 WA g vwstan Yk (d)E 2o BE¥E ZE7] wjiEo] o] o] uiit

A9 W Ams) 95 Aol e} FuelAE Maes ey wid A
W WMEAe WA Jenda st Azael mutE uehlr] gete 29 9

Zb ghae] SRkl dAstE Wele A RERE AR o Hy)
Al el 2 Az MY die A (2-5003 d

Agbk (z, y))\
27 (cos, +cosb,)

d(x,y)= (2-50)

o714, A deolA Igeln g, deolArt EA FAEE 4k 0,5 =4
9} CCD7} o] F+ Zrxolt}

_31_



j &N

o

A+

3t 7hs

Aoy 195099 Gilbert Hobrough®] v}k

/\o]-
H A At} 196149, Hobrough

A2d gAQ olvx A (DIC)Y
2}

o}

=

_Zrl

rze]

=
ol
o

—_
"o

W
v

e

1955 -8 1979 744,

SFth.

S

e

Rosenfeld

‘;.ﬂo_.o

Ho

ol
A

AN
_Zrl

—_—

A el
W, (b) Y

o] W&
, (o) AA A Bge 2

[€)

-

=

EIRR

o}

=

A2l Aol A
— 32 —

o
T

dlo] o)

€

=

sk = A

4 dlolH

=
=

=

HAAE ol

Fol (a)

)

]

=
=

12!

holographic interferometry, laser speckle photography, laser speckle interfero-
A

metry, speckle shearing interferometry, moire interferometry

f

==
=)

A



2. A3 E MA@ A v

34

il
S,
i)
o)
_?_L
O
Ho
X,
X
=)
W,
rir

FhierE o] &% AFH HAL s Al 7HA )
EAZFH 98 Hopa Alx HHel] e o] W nE 7] ] Ao
A= Iy, MY Foz FAEC 7] uEe, #3Hl o]l dasith
WA 2 CAE :o:}/\c}% 17] 98] CCD(charge-coupled device) Z}ulet7} AR&E 7]
wizel, FhErE PakEe We AV A A2 WEEoeE gloth v v e
CCD 7Hgt= %3] doixl CCD A3+ A/D Hdr|o o8& =it 1’4}]% Al7] ]
olBlo] Mo WItEo] AFHErts slojth o5 W HAE AE FY »d

Aga & gl

00110

N

2

ioi

(pinchole projection model)2 31¢ 8}

b ARl #EAG AvEA Apolo] W H

X

Fig. 2-17 Schematic of the geometry for a single camera system using a

front image plane construction.

_33_



O

Fig. 2-172 % 33 g 748 o] &3 @ st} A2 gk 7]shsh
TAL FdE Aoty 3xY FHde A M 4
bzt e e 92 Ree A CE e e AR X, Y, 2)F 2e
o A RS FARA (n, v)E ZA HH, A Mol g &ske st e mow
AR AAA Ree FA 92 FdHE JFuA (G, voE 20 Ha, s A
me mo=g APt

Fig. 2-17914 O #FxA Rwst R. Abolo] WS eyt o] gL 34
Helolgo] dojyrh o] u), 7 A2 [R] Halols WEHE tehu s, W3
& A (2Bt Zeol & F Urh

>,
2
L
L
o)
®
g8
>
=
5
N
K3
il JN

st

FN
ot

x Xy
M= {y}— [R] ¢ ¢ Yy +t (251)
z Ly
X Xy
=Yl . Yy
M_{Z [T] Zy
1 1
Rt t, Ry Ry, Ry
[T]= [0 1] t=11, [R]=| Ry Ry Ros
e i, Ry Ry Ryy

]
M2 3 gude A (g yi)i Fgshe sdAEl BAelr o

el A wae
S5 FAFEGeIE, 4 5% gel FYu RIS Agete V% B Fe=,
wi e B9 gUE & 5 Ak

ﬁ¥a{y:}_ [P] 3x4 ® {z} (252)
1 1

_[foo00
[Pk:0f04
0010

_34_



th. b3 g XA Alelo] W
Fig. 2-17914 @€ AA F3aA42 QAEE 2o A7 da 4EY 33
2 vehi o W@ gl vE wels wdHE 991 Aue Y )
A AEZ ABAL AN FBEAE LA Y F9E gonz W
9 Sgsvin @ 5 gtk
Fig. 2-189141 mi= whsh o], AIMAE WARAEAZ /AL 343 AA
AEA Apole] AA MBS A 253 2ol & F sk,

=
2
53}

rioh
flo
aiey

Vs

-

Yi

Xs

x”,- =|

Fig. 2-18 Relationship between skewed sensor system and orthogonal

image system

? |1 —cotf|]x;
[y]_ [0 sin~ 19 {%} (2-53)

MAMA FHEA ko w trE A7) A scale factor)E 7}ATHL @9 Zolwd
A g9 E Zte Jx (S, S i’ﬁ A Ashd, vuEH @A A gzl w3k
2 (2-54)9F £ HegE F STt

_35_



x| [S. 0ollz
-3 8l

B ol % (c,.¢)0] 34 FmANA AP AT 0, AAAn 2AYo)
w

st FHRA AN AM FHEAe diew H e A - &

S, c;— S, c:/cotﬁ
, (2-55)

xi X
vl Lycy

sinf

25 2~ 0]

B 7Y WG Fus A 567 2ol & & At

. :'US
m= a{y&} (2-56)
S, = 8,c0td — 8, (c,— c,cotd)
T g g < z; L
{ys}_ 0 Y — "/76” Yi(= [A] Y;
sinf sinf 1 1

0 0 1

_36_



%o wa
T T T T T T T T T T T T T T T T T T T T T i
AA HEA y B
m
M—:> T » P > A ——F+—» m
| l
' |
IR domm Jo!
g
Pk

. AA AuANN AAA] AAAQA WG
4 @51 ~ A 56 A MolA @ mex was=y AgdAch Fig 2-19
o] Ade W AFHem vhebal etk 4 25D ~ 4 (2-56)2 ¥ 7
o Aoz Fold WAz wASW, W U HE AL A @ B
9tk

. X

— s Y

m= a{ys}z [A] e 7 (2-57)
1 1”

[A]3><4:[K]3X4 * [T]4x4

f‘gxl: - fSI:COte - SI(C/;_ C;COte) 0
0 fS,/sinf — Syc;/sinG 0
0 0 1 0

[K]: [A]QKXQK ° [P]3X4:

lfx fses 0}

_37_



— Yy
Y sinf
[y == fS,cotb
c = S’!/C!/
4 sind

ot}

(8.:8,)% (z,y,) WIS wetr AggE A7 HEF #4373 53 =27 AR}
th Fig. 2-18004 R wpeh o], AA 0= dpdelr 3 o
vEbdTh w0 =x/281d, 4 -5 f,=fS,, f,=fS,, ¥ f, =0
st whaestd FelE vk ¢ Stk ®E, A (2-57) A A7) RS AAT ¥
ol FAE Fele Ay [A]E FolA A A 25892 vebd 5 gl

o
=
R

c + Ry Xy+ Ry Yyt RygZy+1, Roy Xy + Rog Yy + Rog Zyy + ty
{1} T R Xy Ry Yy Ry Zy +t SRy X+ Ry Yy + Ry Zy +t
y

g sl T g : : * F 258
RQIXW' + R?Q YW'+ R23ZW' + ty ( )

C,+f

S

3. 2213 37 Ay v A

23913} 349 AFE WAL AF A Rds o) F wu, Al H )
Bl ASHL 249 AFE WAL 8, A E WA FuHA 2AY
$%o] Aojurt %

AoA, #d &5 FAL A%e (a)

_38_



XWA

World System Xia
Rw

Image Plane

» R S "'---.___\\"_“--. . \ SyStem’ ‘72’

~ Optic

e
........................... o
"""" = v
VA
Planar object

Planar object Camera/Lens
plane System’ 2

Fig. 2-20 2D imaging of planar object using front image plane model

°
o
=
=
0,

o
(e
Y
0%
o
fu)
~
0,
O,
9 o
e
oo
_0|L
rir
1)
i
2
)
o
fu)
=
rir
o
ot
(g
rl
&

W 7
A Pek pel dE fAHEHE F5S Eels HuAdel Fdoh A pel AA #
FAGS] Ak Xy— Yy—Zy AA (X, Yi,0)0lth 373 A pol tl&ah= Al
A 1AE AAMANA (z,,y,

v
o,
o

2 7pdel ol AR, AA FEAE BAS FH] wye] Aol TAFE
Hu A AEAZ 2R % [RI=[1, A7) fdelt B4, A4 Fue
0=0%} §A 9=r/22 AR olEL AR 4 2590 @AW BA Hu
o AA 91 Aol BAE 2 5 gtk



S,

Ts| Z e | 8. Xw c,

{ys}_ (fSy) v +{cy}_ {s,/ YW}+{CU} (2-59)
7 w : 1

v 3&4 ZarE vl A
AT Apets FA FYe FART A -5)94 R v go|, £ £
e 339 BA Ag 249 4 Foz wgath a@osy urbdE e
o}

Al A 2 AAsHA €

=
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Fig. 2-21 Recovering the third dimension by using two cameras
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Fig. 2-24 The epipolar constraint reduces the mathing problem to a single

scan along the epipolar line
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Fig. 2-25 Schematic of two camera stereo-vision system during imaging of a

target grid
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GAX=—g (2-74)
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Table 3-1. Specimen type of wall thinned pipe

1. No defect
D No Defect length Defect width | Minimum thickness
' (L/Do) (20) tp (mm)
SSP-0A 0.00 0° 7.2

2. Specimen type by minimu

m thickness of defect

Defect length

Defect width

Minimum thickness

1D No. (L/Do) 20) tp (mm)
SSP—-2E 1.00 90" 6.3
SSP—-2F 1.00 90" 5.4
SSP-2G 1.00 90" 3.6
SSP—-2H 1.00 90" 1.8

3. Specimen type by width of defect

ID No.

Defect length

Defect width

Minimum thickness

(L/Do) (20) tp (mm)
SSP—-2D 1.00 45° 1.8
SSP—-2H 1.00 90° 1.8
SSP—-2L 1.00 135° 1.8
SSP-2P 1.00 180° 1.8
4. Specimen type by length of defect

Defect length

Defect width

Minimum thickness

1D No. (/Do) (20) tp (mm)
SSP—1H 0.50 90° 1.8
SSP—2H 1.00 90° 1.8
SSP—3H 1.50 90° 1.8
SSP—4H 2.00 90° 1.8
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Q-800HR model)S o] &slH o, FA42 Fig. 3-3 3 Zo] Shearography AlA,
Yo A42td Diode laser, Controller, PCE FAo] ¥o] Qlt} System 9
25E Photo 3-1 o WERHI S, Systeme A& Z2Z 23 [STRA 4DE o] &3}
of Aol Aojet dH Y} ABHS s

g o] A= Diode laser (£4%: 50 mW, 3} 780 nm)E Ar&3stH, A F5H Y
arme] F#E 2719 Dioded &dl &4td wolA #H& HAGHAoz EA AL
o A dedEe M UiR-e] REE ISTRA 4D Z2I3E o] §she] A
W 7tme W AS Mol 2T 5 Utk Systeme PZTOl €3] $14belgo] 3
W ARA ol s e A 8ste] A E(Shearogram)E A Ak HFE A

L 8 Z2OISTRAEttemeyer GmbH)-2 o] -83aho] 3|4tz A
NS AA "t Table 3-2¢1 % Shearogrphy Al 2~8e] AFFS VRSl

—

9
2

Laser Source

Shearography Sensor

PC

Electronic controller

Fig. 3-3 Configuration of shearography system
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Photo 3-1 Shearography system

Table 3-2 Specification of Shearography system

Description

Technical data

Operating voltage

12V DC

CCD-resolution

1392 x 1040 pixel

Objective Connection

C-Mount 1/2” image field

Shear angle

0-3°

Shear direction

0-90°

Measuring area

Up to 1.2 x 0.8 m°

(with external laser)

Meauring resolution

according to illumination arm, distance
and wave length: 003 um/shear

distance

Sensor head dimension

WxHxD = 70x70x160 mm®>

Laser (Built-in)

Diode 50 mW, 780 nm
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2. DIC Al 249

DICA =¥l =Y GomAte] -8 ARAMIS Al Z~E(ARAMIS v6.1 and higher)-£-
o] 83l 2 Photo 3-2 , 74 S Photo 3-3 & o] ARAMIS 17mm CCD 7}
g7b oA ERJEZ FALR F - 9o AT Qo A Lo AFE
laser, ARAMIS Control PCZ /d¢] ¥ o 3t} Systeme A& ZZ 73 inuxs
o] &sfod ol X E Hstal A Aojet HEH S FATH dolA=E =AY
235 g7 98 - % CCD 7hE Sl At e, A Fde] F2d
dolA FIIES o #HolA FE& AFAE EA AREH. deolAe 24E
Tl Bt AEelM - CCD Zhvlgtel A S A= olr A& J=H S
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Photo 3-3 Aramais CCD camra Photo 3-4 Aramais control hox
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Photo 3-3. Pressure Pump & Gage
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Photo 3-8 Pressure Pump & Gage
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Fig. 4-3 Result of deformation measurement experiment for SSP-2E with t,=6.3

mm (shear amount in the axial direction: 10 mm)
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Fig. 4-4 Result of deformation measurement experiment for SSP-2E with t,=6.3
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Fig. 4-5 Result of deformation measurement experiment for SSP-2F with t,=5.4

mm (shear amount in the axial direction: 10 mm)
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Fig. 4-6 Result of deformation measurement experiment for SSP-2F with t,=5.4

mm (shear amount in the radial direction: 10 mm)
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Fig. 4-7 Result of deformation measurement experiment for SSP-2G with t,=3.6

mm (shear amount in the axial direction: 10 mm)
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Fig. 4-8 Result of deformation measurement experiment for SSP-2G with t,=3.6

mm (shear amount in the radial direction: 10 mm)
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Fig. 4-9 Result of deformation measurement experiment for SSP-2H with t,=1.8

mm (shear amount in the axial direction: 10 mm)

10
8
E ——dP=0.05
c 6 —=—dP=0.10
S dP=0.15
é dP=0.20
= 4 —%—dP=0.25
= —e—dP=0.30
[am)

41 -3 -5 125 30.5 485
Radial distance (mm)

Fig. 4-10 Result of deformation measurement experiment for SSP-2H with

t,=1.8 mm (shear amount in the radial direction: 10 mm)
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Table 4-1 Error between real size of wall thinned defect and measured size by

SSI experiment according to the minimum thickness of a defect

ecimen No. )
SSP-2E SSP-2F SSP-2G | SSP-2H | Real size
Item
SSI (mm) 72 78 120 132 (113.4)
Error (%) -36.5 -31.2 5.8 16.4 0

SSP-2F Al@#He] =urgk 4% dolE 78 mm, SSP-2G Alg#Ho| A= 120 mm,
SSP-2H A dAAME= 132 mm= 474 =4 =) AR ddo] dol7F 1134 mm
olm =z ZHAa AAghe] Atolo & xp7F EASATE 72 AlFH W3] SHE

(@]
Astel A7|e} A& Table 4-19] H] w3}

1

&:

o] EASSA
54 AREFH Hh FAVE A FAL Awe] A% A7 E WEsHA &)
AeA= Kt v & FEAE o] &ste] WEHE Folof s, HA FAV ke 4
9 AL stEAAME Aste] Av|yF AAEY © AZA SAHFEZ Hh FA9
2ol g, shE A AAAAE s & Har) gk
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Fig. 4-11 Result of deformation measurement experiment for SSP-2D with 20

=45°(shear amount in the axial direction: 10 mm)
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Fig. 4-12 Result of deformation measurement experiment for SSP-2D with 20

=45°(shear amount in the radial direction: 10 mm)
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Fig. 4-13 Result of deformation measurement experiment for SSP-2L with 20

=135°(shear amount in the axial direction: 10 mm)
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Fig. 4-14 Result of deformation measurement experiment for SSP-2L with 20

=135°(shear amount in the axial direction: 10 mm)
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Fig. 4-15 Result of deformation measurement experiment for SSP-2P with 20

=180°(shear amount in the axial direction: 10 mm)

E —+—dP=0.10
_ —=—dP=0.20
R v ' dP=0.30
5 —0_5:4)'19 2857 -10.48 .40
= —%— dP=0.50
= —e—dP=0.60
[an]
15
-2

Radial distance (mm)

Fig. 4-16 Result of deformation measurement experiment for SSP-2P with 20

=180°(shear amount in the axial direction: 10 mm)
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Fig. 4-17 Result of deformation measurement experiment for SSP-1H with

L/Do=0.5 (shear amount in the axial direction: 10 mm)
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Fig. 4-18 Result of deformation measurement experiment for SSP-1H with

L/Do=0.5 (shear amount in the radial direction: 10 mm)
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Fig. 4-19 Result of deformation measurement experiment for SSP-3H with

L/Dg=15 (shear amount in the axial direction: 10 mm)
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Fig. 4-20 Result of deformation measurement experiment for SSP-3H with

L/Do=1.5 (shear amount in the radial direction: 10 mm)
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Fig. 4-21 Result of deformation measurement experiment for SSP-4H with

L/Dg=2.0 (shear amount in the axial direction: 10 mm)
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Fig. 4-22 Result of deformation measurement experiment for SSP-4H with

L/Do=2.0 (shear amount in the radial direction: 10 mm)
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Fig. 4-24 Wall thinned pipe model reconstructed by 3-dimensional image
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Fig. 4-25 Profile result of deformation measurement experiment with DIC for

SSP-2E with t,=6.3 mm at each pressure difference
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Fig. 4-27 Profile result of deformation measurement experiment with DIC for

SSP-2F with t,=5.4 mm at each pressure difference
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Fig. 4-28 Contour map of deformation measurement experiment with DIC for

SSP-2F with t,=5.4 mm at dP=1.2 MPa
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