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ABSTRACT

A study on measurement to out-of-plane deformation of

pressure piping by shearing interferometry

Lee Hyun Jun

Advisor : Prof. Kim, Kyeong-Suk, Ph. D.
Dept. Mechanical System Engineering
Graduate School of Chosun University

At Non-contact and Non-destructive testing technique like ESPI Digital holography.
Recently, The study about deformation measurement of defect in specimen is actively
being done by using speckle pattern like digital holography and shearing interferometry.
Of the optical interferometers typically using a laser, Measurement method to measure the
deformation amount is an electronic speckle pattern interferometry process (ESPI).
However, ESPI can be measured precisely by the strain generated in the object but, may
be disturbed at the industry without the anti-vibration table which decrease external
vibration.

Therefore, we don’t encourage experts to use it at the industry. Another way, Shearing
interferometry known as one of laser interferometers is usefully being used in the way of
Non-destructive test to quantitatively analyze defects and structural of machine because it
is relatively less sensitive to vibrations and external impacts. In this study, we tested
pressure pipe defect length and the internal pressure change to figure out the out-of-plane
deformation.

Prior to the pressure pipe defect detection test, we organized a shearing interferometer to

use the optical component. To carry out the reliability test of a shearing interferometer
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composed of optical components, The measurement of pressure pipe’s out-of-plane
deformation and an experiment of defect detection were carried out after the shearography
system and out-of-plane deformation testing of rubber were conducted and secured the
reliability of development equipment. In addition, to test the out-of-plane deformation of
the pressure vessel, The out-of-plane deformation was measured, after we produced a test
piece in straight form and differed from size and shape of the defects that have been
produced in the inside of each specimen. The pipe specimens are adopted from SS400
which is used for pipe line system. The defect remaining in material was quantitatively
determined for the extracted objects by developing the program for Image enhancement
and deformation information. Using the measured defect and deformation information
presented interworking with finite element analysis. Findings, The conventional shearing
interference method are referred to as shearing amount in the upper surface shear amount
is applicable to any values of distance units, in this paper, the shearing amount by
applying the image processing techniques to apply the shearing amount by the number of
pixels it was confirmed that the can. In addition, lateral shearing interferometer and
compared results with commercial equipment interferometer Shearography system
configured based on the out-of-plane deformation measurements of commercial equipment
in the measurement with the interferometer configured for measuring deformation of the
rubber flat plate showed an average error of 2.4%. The lateral pressure pipe via a change
of pressure results in deformation measurement 0.05~0.25Mpa experiment was to detect
the respective maximum out-of-plane deformation.

Increase the amount of deformation due to the pressure difference between each specimen
were similar, when compared to the specimen, this was the biggest flaw is the amount of
deformation of the SS-1-1-1 most common defect is the smallest amount of deformation
of the SS-1-1-4 this showed the smallest. Pipelines pressure sizing experiment to obtain
the installation, the image in the object surface of the transparent character immediately
before the experiment, using the number of pixel for the Smm proposed a method to
infer the length and width of the defect. For the experiments, the size of the longest
defect SS-1-1-1 showed the actual processing of the length and approximately 4.1% error
when the smallest SS-1-1-4 was an error of 2.9%. The lateral size of the defect obtained
from the deformation amount and the defect detection test using the shearing
interferometer, width and depth of the information could be used by the FEM tool such
as finite element analysis to know the maximum pressure and maximum defect length by

deformation.
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S =~ 0.61% =1.22(1+ M)AF (2-2)

714, N.A : Numerical aperture, M : #:NZ= Shu] &, \ : ZAE # o] A
o 9, o W2 FAH|(f-number) ©|th speckle st YA EE A
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F
S, =1.22(1+ M) (2-3)
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Lol g Ao s Fo] EAT wolo)

Collection @ chosun



T Ao vhEo] wiyke W ol A, BAZMAd o FAHH= T
HE zdAAEelgt st=dH, e e ds7ds Hddde 4o

AR gromz of AEFe] Wol Aol Mol AS 7 WEFviT 247
ARG AT @ WekA 2w A
FAEE

=
=
=

&

oX
ftlo
do

IAe dHtxoz EXo HAHRE X &sta

< EA %3 (Object Beam), EAF | 3Rt 7Eo] He F4E&

(Reference beam)©] & 83}t}. Fig. 2-4& F /N9 F9 FA4E Yepd

o0& ofNN FEY(E,)ES FARE,) o5 34Y 2AFL 5
o %

w
AROBASSN, Z
R

(C(E\G

Fig. 2—4 Superposition of two continuous wave

Collection @ chosun



(24)

s}, whebA

S
& A 3&(object beam)

-
o

Aol 7}

uw(z,y, 2, t) = aee 27/
Z3F(reference beam)<]

-
=

7}

B

(2:5)
(2-6)

(2-7)

*

|

*

2n L,

A

*

27 (Lo —L, )
o )dzateltt. Fig. 2-59F o] gk el

*

=u, * u,t+u, *u +u,*u t+ u *u,

u, = a, exp[—i(p+
u, = a, exp[—i(p+

0+ Ja [+ 2o, fos |

I, + I, +24/1,1, cos¢

I=|u,+u,[

Sl=

N
]

=

=

759l CCD 7HHlgtel] 7]

[S]

sl B

[

g

B o} Eq.(2-8), Eq.(2-9) .2 JEehd & o

)

23 F 9

|

s
faus

o]

5
Collection @ chosun



(a) Before (b) After (c) Subtraction

Fig. 2—5 The fringe pattern formation depend on deformation

I, =1+ Ip+ 24/1,I, cos¢ (2-8)
I =1+ Iz+ 2/ I,I; cos(p+ Ag) (2-9)

AZIA L EAAPAG Y A, [ AU Ho HUE AP =
AP e] g fdwstoltt. MR F 7o I A=
spFA el AR od ™ Eq.(2-10)3 Zo] YElA Hoh
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1 o (2-10)
=4,/I, 1, sin(qﬁ—f-;Aqﬁ)sm(;A@
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FEH = JEbA FTh[8]
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A PERE A Qo AxE A=7)d =gt w3 ZxPo EA Gy A9
F A PollA HQWFLE o FstAT 3tH, EAFC] Eq.(2-16) T 94
o]Fo] dojuy}r] W&o A FH= WA Eh[10]

L=1, [1+~cos¢]
L=1[1+~cos(¢ + 7/2) = Il —sing]

L=1[1+~cos(¢ + m) = I[1 — cosg] (2-13)
I, =1, [1+~cos(¢ + 3n/2)] = I,[1 +sing]
I, —1, =21, sin¢
I, — I, =21, cos¢ (2-14)
I,— I
_ |4 2
¢ =tan -1, ] (2-15)
¢y = dmd, /N (2-16)
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2—2. Unwrapping (22 3)
A olE Wl o3l dojr ®mIFS AFHOoZ FIIIE AN
arc-tangent &2 Altko] HAY] Wil BAEHEAEE THA=
o2 Yehr] wEd o]y B
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Fig. 2—7 Comparison wrapped phase and Unwrapped phase

=1 = 2 i 1 1m1 o sy anl sy war

Fig. 2—8 Comparison wrapped phase and Unwrapped phase graph

2 =%oA Unwrapping method® least Square MethodE Al-&-3}% T
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Aoz AYS I uf 49 F(x y)= =t & #, ©] Datas®] A4
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AR FHFo=N F s 3o AR BAE e F A dFe B
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Fig. 2—11 The optical path of a ray : focal plane viewing

£ 714 Q7HA 9] BB ZE Eq.(2-2 )9} 2ol 28 4 Jom, s
2E i) A2 SHEH P7HA|, i) BH Eolwslel #HAd 7

1=SP+1,+MQ+PN (2-20)

Collection @ chosun



Fig. 2—12 The illuminating wavefronts introduced by a surface displacement
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Fig. 2—13 The scattered wavefronts introduced by a surface displacement
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A1d S A T
1-1. A9+ A (Shearography) T4

2 A7olMe i He) MY A flste FRFS o8l A
©7H4d Al (Shearography) Al =88 /438l o Fig3-1> ASHAdAS A=
= oltt. otefe) AHEE EdE 7% dAEtAl= 39 ND:YAG
LASER(Light Amplification by Stimulated Emission of Radiation) source
S} F& WAL= Mirror, WHAME F-& Shabsto] o g mHd] zAbekE

oL

Expanded Lens , W& 23} Beamsplitter, 9¥17d°ls<= Z4d3st7] g
PZT Mirror, A&2ta HAasE 2H3}7] 93 Shearing Mirror(tilting
mirror), °|P|AE 5SS 9% CCD camera”} AHE-E At LASEROIA] 2l
H Fe rHe A2E T A ZHoE ZAE S A EH A

Mirror(Tilting Mirror)oll Al ¥FAFE $ CCD camera®] Image planol] 23] A
Ho}

Mirror

Zoom Lens
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PZT
Mirror

e R =

Shearing
Mirror

LASER

Fig. 3—1 Schematic diagram Shearing interferometer
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CCD camerax= USB 3.0 CCD Camera(Basler Ace acA1300-30um
Monochrome) & AHE-3FH 0™ 9]0l &S Aojstr] 93l THORLABS AF<]
PZT Actuator® AH8-3}%th.

:CCD: Camera

Shearing, -
Mirror

Fig. 3—2 Shearing interferometer

Table 3—1 Components of the development system

T =3
ND;YAG LASER
CCD Camera
Qube Beam Splitter
PZT Actuator
PZT Controller
Mirror

e e e

Expanded Lens

Z+% FelrZ dl 1A Holder

{Z/Collection @ chosun



749 HAEAHAE o8t HeAWMYPS FASr] sl National
InstrumentA}2] LabVIEW 20128 ©|&3le] HPZSAH T2 138 7)o
AdE ZEOe IMHAAE Aojste FiEI MFPolrA g5 F B
FEO= vdh

29 7EA FAHCRE FHEE o] &3 oln|A] 5 3 ol& BH3t=
TAR 220l FEHET A Aojdd H8g 22 IA FIHA
2 udo Wy A3 F9o o|nAE g5t st Aol 283 PZT
Mirrorg A|o|3dl= PZTAlo] 202 o

i et Aol Z2IW-2 PZT7} Istep ol 5 HSA 184S Y3t dugsL
2 JNEEA S ™ Reference Image 478 J53 & AANIOE Sojos 3
HE kA gt o] tidAe] WEoe] A & e WHOE 4

5 @ 3 0y A3 F9 o|nAE ol gt BT

% =l |Physik Instumente, E-662.5R, 1259, 1.2(TRIG-Version | 4300 | b CtUsers#ihj#Desktop#autoUnurap

Fig. 3—3 Shearography interferometry program using LabVIEW

{ICollection @ chosun



-

\

olOx| 85 =2 ]

—| PZT 0|2 (1 step)

0|0|&| K& 1
OfOf x| M7 1 PZT 0| (2 step)
PZT 0|2 (2 step) O|O| x| X &2

O[0|X| A& 2 e [ ALA|ZEZEAF K| | — PZTO|2: (3 step)

PZTO|2 (3 step) f 00| x| HZH3

L

OfOf x| A% 3 PZTO| (4 step)

PZTO| (4 step)

Oo[x XE 4

OO|A] K4 |==r

Fig. 3—4 The image acquiring program algorithm

HAdels 7IMe AEst7] fsted WAl F83k PZT AolE sk
RS-232541S o] &3l er, dlolA el 1/4% FE3stA PZT Actuators
ZHEst s st

7heet Alo] Z2=IFE o] &ste] P57 om|AEL o|HA A ZEIH
Al AL F SH ALSETH 72 53 o|uA & A E S Ao
7l A3E Phase map©]etil 3t™ Phasemap2 A RE st gt
A RE 3435t 984l Phasemapoll EAI3tE o2& AAT &

unwrappinge AAstY HFHow EHE F U

Collection @ chosun



|

[ OjojX| 2 ==

CEEEEEE
a2 0|83 8 i
Zro| O|O|X| B2E

=

Phase map =&

=

uH
0
on
I
oo

|=| LO|= HAH |

f Unwrapping ] '—[ Hel H#Ey =3 ]
)
741 X|
‘ _ ololAl =

[ Line Profile ]

[ oo == |

BECEEEES =l

Fig. 3—5 Image analysis program algorithm

Phasemapg 343t WS AIFsstr] st AdBAES FHsHA e,
o]zt £YH Phasemapt AF3} Aol APHA 9RE YA @

o olgg o] fFE ZA-A Aol RE=A] Phasemapo E3EH o|=2E o4

Al AAsNF o). HEE dag]ES ©]83t Phasemapell EA)
25 AA T+
A8z e

BAE Ak, f17dAke] Adigho] YAYEGr/2)R Y v A

ko3
5
ol 2xe] Aol QI Ao B, BEe] Wide] Aol
%

A3tk olm) ALtdE 9427 0(zero) BTt AWt bl Zhas

rot

Collection @ chosun

nwrapping ¥iLg]E& ©]838te] o|H| XS AI 3

U
H Phasemap®| H&#<S ¢lolsola, A ¥ i



A, 0ET AT 2perh S4%E Ao' sto] s AT o|"A A%
H Ao 2nE F3ta EE & Phasemap®] 9174#S tlaiFH didE9

AT HYel A AFHer 452 4 JA Hed °lE Fig. 3-6°

ot

i
N,

ulil
b
fru
kK
(et
ol
2
o

), Fig. 3-7 (@& 9°¢¢ Phasemaps ZAI3 o] A&

A, 3o AAE FAsAh ol HAHE Phasemap@tol™, A4S AFAH
A4l WFe] Anks Uehl= Holth Fig 37 (b)= AVAI A3t 2349
Folth
Phase
Data
Y
A‘h,j =¢1+1,j _d)l,j ! )
Nj =0 N,j :N,j +1 N,j :N,j -1
‘4
d)l’j =N"‘2rc+(1)1’j
Fig. 3—6 Flowchart of unwrapping
T3 Fig. 3-79] (b)= AFFEIS olmA] &3 A o] 0~25540]9] 4
ZE ZIHAAT, AA ASAds A2 wjded AAEHT, FX74 xd0|
7hs3heh,

Collection @ chosun



(a) Line profile (b) 2D Image

Fig. 3—7 Result of unwrapping
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g N2BlO 2 A Fig. 3-19F 2Z©| Shearography AlA, 18d%= CCD 7h 2},
AA W Fol Z2E Diode laser, Controller® T4°] Ho| ot oA =
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Fig. 3—8 Shearography System
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Table 3—2 Specification of shearography system

Technical Data

Q=800

CCD-resolution

1392 X 1040 pixel

Standard C—mount lens

Zoom f=1.4/6... 12mm

Inspection Speed

Typically 300mm X 300mm /20s

Shear direction

up to 1/20 the field—of—view, fully
adjustable (software controlled)

Shear Angle

0—180° , fully adjustable
(software controlled)

Meauring Area

300mm X 300mm with 2 laser diode

Measuring Sensitivity

0.03um/shear distance

Sensor Head Dimension

WXHXD = 70x70X160m

Laser

Diode 50mW, 780nm

Laser Diodes

up to 870mwW

T Istra 40 : [C:\Docu...\20150821]
Fle Edt Vsuslzation Acqustion Took \View Hep
S g | K "B @ | [AZoom ¥Gay

Explorer X Stexrve o5 ShearVis1-0|

Step Selection

[ s0p 000
[ EEL

Settings
Low-pass fiter size [Fu): 4
[CIsisgh-pass iner

High-pass fiter sire [Pod: 100

116284 62

Fig. 3—9 Shearography System program
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dEnfTe] AQAEe dx) wd A

7 AER]D SS400= AFESE O™ Fig. 3-149F o]
ZF ANEH v A3kl Zpdo] o WIts F
593 YAl 71F3EA T Fig. 3-15, 3-162 A #2] 2D A=W 3D =
Azl AHEE 55400 A A HRo|n},
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g2 A=

rr

2 93

iﬁ
32

Table 3—3 Material Properties of SS400

Base Metal Price

2.9 9% rel

Density 7.8 g/cm® (490 1b/ft?)
Elastic (Young's, Tensile) Modulus | 210 GPa (30 x 10° psi)
Electrical Conductivity 12 % TACS

Elongation at Break 25 %

Specific Heat Capacity 480 J/kg-K

Strength to Weight Ratio 62 kN-m/kg

Tensile Strength: Ultimate (UTS)

480 MPa (70 x 10° psi

Tensile Strength: Yield (Proof)

270 MPa (39 x 10° psi)

Thermal Conductivity 50 W/m-K
Thermal Diffusivity 13
Thermal Expansion 11 ym/m-K

Table 3—4 Specification of shearography system

Zo](L, mm) Z (H, mm) Zol(D, mm)
SS-1-1-1 150
SS-1-1-2 100
20 7.2
SS-1-1-3 70
SS-1-1-4 30
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Fig. 3—14 Fabricated pressure piping (Straight pipe)
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Fig. 3—15

Pressure Piping (straight) design drawings
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Fig. 3—16 Pressure Piping (straight) 3D modeling

X

of FEHA.

Fig. 3—17 Pressure Piping (straight) defect Information
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Fig. 4—2 Measurement out of plane deformation using

Shearing interferometer

g3tel o|$WdE L AofstEom, olFH PZIZt BT JYS StES
stol MPFL 2T F UEF Stk AP AUFL 167 pixelZ W
2 dasgon A8 1mel APehs Agtwolye BAHCE Z747)

A 5um 7HA F7F A7IH HE S Flskadd.

Fig. 4—3 Out—of—plane deformation generating device
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Table 4—1 Phasemap and line profile of pressure pipe

Shearing interferometer

Deformation .
phasemap profile
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Table 4—2 Unwrapping profile and Integral profile

. Shearing interferometer
Deformation - - -
unwrapping profile Integral profile
o
/|
1ym i aa | [~
W
/)
. /|
. [
om J— /,_......
/ :
I 7 } T
7 A
= /[ \
e / \
. ./ : \
m L/ ez _ %
A A
/ [ \
4ym ’—'—’/ e /I \\
. / i // \\
-\ o A—
/] A
5¢m i —J /r""— ¥ /\
/N
S \\_/m _ .

{“/Collection @ chosun




Table 4—3 Experiment result of detecting deformation using
shearography system

. Shearography system
Deformation 3D plot profile
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(b) Shearography system profile

Fig.4—5 Result of detecting deformation




—— 1um-SYSTEM

— 2 um-SYSTEM

m—3um-SYSTEM

(§)= o
-

AUm-SYSTEM

m—5Uum-SYSTEM

= - lum-interferometry

- 2um-Interferometry

*3um-Interferometry

Aum-Interferometry

Sum-Interferometry

600 650

Distance [Pix

el]

Fig.4—6 Out—of—plane deformation detection results compare

Table 4—4 Deformation detection result and error comparison

Sheari Sh h
Deformation ) carme error(%) carostapiy error(%)
interferometer System

1/m 0.96 m 3.75 % 1.03 um 3%

2um 1.99 m 0.61 % 2.05 ym 557 %

3pm 2.96 um 3.77 % 3.04 ym 422 %

44m 3.95 um 494 % 3.92 um 7.06 %

S5um 5.04 um 404 % 5.05 ym 5.65 %
TAE A ANA 53 volHe =35 FHY dHolHEXN Atd
Aol oM HBE F, 48 dolEst MuE sk
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Shearing distance

Fig. 4—8 Image for Shearing distance measurement

749 AAAAAE ol &3 AHuHE Wy FAS el AT
(Shearing distance)?} 7} (Shearing angle)< Tilting Mirrorg ©] &3t =
Attt A& daze APdA7E peollsd] BoAl= s BREA AH
ZAslof sl7] wWZol B FAE IAHSH] ofHoh weta AFA A

AgY ERe FYAE AAET Aua dudel xaE ouAE &S

S o ol g3 HE F BASL oy BAL AP MNH TR

./] J—T— E.TE1 Smmoﬂ H 3]'“5 xel«] %}\-E 1:“%‘/!: AR
o 19pixeldll 3F3t= 28mmE A& E 4 U

B o) Ade] AekeFe 19pixel(28mm)oln] ATzt e 45°0] T},

Collection @ chosun

glon olg o] g3



Table 4—5 Result of detecting out—of—plane deformation test

() Phase map

NO.
o)

H

SS5-1-1-1

S5-1-1-3

SS5-1-1-4

0.05
MPa

0.1
MPa

0.15
MPa

0.2M
Pa

0.25
MPa
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(b) PhaseMap profile of according to the change Pressure
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(¢) A comprehensive phasemap profile
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(d) Unwrapping image of phasemap
NO.

e

SS-1-1-1 SS-1-1-2 SS-1-1-3 SS-1-1-4

0.05
MPa

0.1
MPa

0.15
MPa

0.2
MPa

0.25
MPa

Phase map unwrapping °©]F|A|& 7]&°] 53 Phasemap ©|W|AE 7T

ZE2IHE o] &3t om A A ZEAAE FHI F SHH o|n|A| otk

Phasemap©] 7] A ¢} unwrapping©|P| A& Bl S ™ unwrapping©] "] A o
b

A 719 547 ARk AL Aoz E8siAlE e & & 5

3ol 30mme] unwrapping©|vl A F 0.2Mpa$}t 0.25Mpa2] ©|v|A & HH
TYANA LEZECE A Ho] A A & & F A=, ol olv|

A AdZ2a ) e FolH FF-o fAdsiord Aot

Collection @ chosun



(e) Profile of unwrapping image
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(f) A comprehensive unwrapping image profile
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(8) Result of out—of—plane deformation measurements each test specimen
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Table 4—6 Result of out—of—plane Deformation comparison

NO.

o1 e SS-1-1-1 SS-1-1-2 SS-1-1-3 SS-1-1-4

H T

0.05 MPa 1.43 um 0.94 ym 0.65 ym 0.29 ym

0.1 MPa 2.85 1m 1.85 m 1.28 m 0.57 ym
0.15 MPa 4.29 um 2.81 um 1.96 um 0.88 /m

0.2 MPa 5.64 m 3.72 um 2.58 um 1.16 um
0.25 MPa 6.92 m 461 pm 3.21 m 1.44 (m
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Fig. 4—9 Compare up to the amount of deformation according to

pressure changes
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Fig.4—10 Each pressure pipe specimens defect detection image

Table 4—7 Each specimens defect length and defect pixel

Specimen Width Heigh

SS-1-1-1 1062 pixel 156.18 mm 155 pixel 22.79 mm
SS-1-1-2 712 pixel 104.71 mm 150 pixel 22.06 mm
SS-1-1-3 487 pixel 71.62 mm 145 pixel 21.32 mm
SS-1-1-4 210 pixel 30.88 mm 138 pixel 20.29 mm
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Table 4—8 Residual thickness calculations
(@ SS-1-1-1

AP (Mpa) § (m) t;  (mm) Ls (mm) ts  (mm)
0.05 1.43 8 156.1779 0.88
0.1 2.85 8 156.17932 0.87
0.15 4.29 8 156.18076 0.88
0.2 5.64 8 156.18211 0.86
0.25 6.92 8 156.18339 0.85

(b) SS—-1-1-2

AP (Mpa) § (m) t;  (mm) Ls (mm) ts  (mm)
0.05 0.94 8 104.70682 0.83
0.1 1.85 8 104.70773 0.82
0.15 2.81 8 104.70869 0.83
0.2 372 8 104.7096 0.82
0.25 4.61 8 104.71049 0.82
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(¢) SS-1-1-3

AP (Mpa) § () t;  (mm) Ls (mm) ts  (mm)
0.05 0.65 8 71.618297 0.81
0.1 1.28 8 71.618927 0.80
0.15 1.96 8 71.619607 0.82
0.2 2.58 8 71.620227 0.81
0.25 3.21 8 71.620857 0.80

(d SS—-1-1-4

AP (Mpa) § () t;  (mm) Ls (mm) te  (mm)
0.05 0.29 8 30.882643 0.80
0.1 0.57 8 30.882923 0.79
0.15 0.88 8 30.883233 0.81
0.2 1.16 8 30.883513 0.80
0.25 1.44 8 30.883793 0.79

Table 4—9 Result of measurement depth comparison

NO. SS-1-1-1 SS-1-1-2 SS-1-1-3 SS-1-1-4
AP tp(mm) tp(mm) tp(mm) tp(mm)
0.05 MPa 7.12 7.17 7.19 7.20
0.1 MPa 7.13 7.18 7.20 7.21
0.15 MPa 7.12 7.17 7.18 7.19
0.2 MPa 7.14 7.18 7.19 7.20
0.25 MPa 7.15 7.18 7.20 7.21
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Table 4—10 Compare defect detection experiment results

specimen Width (mm) Heigh (mm) Defect depth (mm)
SS-1-1-1 156.18 22.79 7.132
SS-1-1-2 104.71 22.06 7.176
SS-1-1-3 71.62 21.32 7.192
SS-1-1-4 30.88 20.29 7.202
724
7.22
D —
i . R
e 732 - - e .
§ e & :
e 718 p— — "
3 —— S——
£ 716 e 551-1-1
.
& ——55-1-1-2
gy e =48 55-1-1-3
e PR
s S—
t
71
1)
R 708
7.06 . ; : ;
0.05 01 0.15 0.2 025
Pressure (Mpa)

Fig. 4—11 Result of Defect depth measurement according to

pressure change
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Wy greue Ags) A
(1) SS—1-1-1 (Z°] 7.132mm, = 22.79mm, Z°] 156.18mm)

(@) Constraints

(b) Loading condition
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Fig. 4—14 Pressure pipe deformation analysis (SS—1-1-1)
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(2) SS—1-1-2 (ZA°] 7.176mm, & 22.06mm, Z°] 104.71mm)

(@) Constraints

(b) Loading condition
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Fig. 4—15 Pressure pipe deformation analysis (SS—1-1-2)
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(8) SS—1-1-2 (Z°] 7.192mm, & 21.32mm, Z°] 71.62mm)

(@) Constraints

(b) Loading condition
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Fig. 4—16 Pressure pipe deformation analysis (SS—1-1-3)
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Fig. 4—17 Pressure pipe deformation analysis (SS—1-1—-4)
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