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ABSTRACT

A Study of Bobbin-type Magnetic Camera for Inspecting the
Ferromagnetic Small-Piping System

JONGHYUN SEO

Advisor: Prof. Jinyi Lee, Ph.D.

Dept. of Control and Instrumentation Eng.
Graduate School of Chosun University

Small-bore pipes (smaller than tens of mm) made of Cr-Mo base low alloy steel are
usually used in boiler and heat exchanger piping systems in thermal power plants because they
have excellent high-temperature steel, oxidation-resistance and hydrogen embrittlement
resistance and are able to withstand high pressure and temperature. However, those pipes are
subject to fretting wear and sliding wear since they are used in high temperature, high-pressure,
floating environment, and vibration contact with tube support plates, for a prolonged time.
Therefore, it is necessary to develop non-destructive test and evaluation system to detect and
evaluate shape and sizes of those wear defects.

In this paper, an inspection system will be developed to inspect the wear defects that occur
in the small-bore pipes using in boiler and heat exchanger piping systems of thermal power
plants. The system has 22 magnetic sensors circumferentially arrayed with interval 16.4° (1.2
mm) in a sensor probe to measure electromagnetic field distribution around the defects and
then the defect could be inspected and evaluated. To verify the effectiveness of the inspection
system, artificial Short circumferential groove, Wear scar, and Sliding wear on outer diameter
of a small-bore pipe will be examined.

The magnetic source of the inspection system has three types that using: a permanent

viii
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magnet, an alternating bobbin coil and combined a permanent magnet with an alternating
bobbin coil. By using only a permanent magnet, the system works based on magnetic flux
leakage testing (MFLT) principle, and it can detect a minimum depth of 0.46 mm, 0.23 mm,
and 0.92 mm (20%, 10%, and 40% of pipe wall thickness) for wear scar, short circumferential
groove, and sliding wear, respectively. By using only a alternating bobbin coil (320 mA — 600
Hz input current), the system works based on eddy current testing (ECT) principle, and it can
detect a minimum depth of 0.46 mm, 0.46 mm, and 0.92 mm (20%, 20%, and 40% of pipe wall
thickness) for wear scar, short circumferential groove, and sliding wear, respectively. However,
by using combined a permanent magnet and alternating bobbin coil (320 mA — 600 Hz input
current), the system works based on partial saturation eddy current testing (PSECT), the system
can detect a minimum depth of 0.46 mm, 0.46 mm, and 0.69 mm (20%, 10%, and 30% of pipe
wall thickness) for Wear scar, Short circumferential groove, and Sliding wear, respectively. It
shows that the PSECT method provides better results than the MFLT and ECT methods. In
addition, the quantitative evaluation algorithm of defect depth will be proposed. The depth
evaluation average errors are 18.14% for the depth of Wear scar, Short circumferential groove

and Sliding wear.
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Fig. 2 -1 Principle of magnetic flux leakage testing
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Fig. 2-15 2% ¥dd w] z&4 = B(magnetic flux density, [T])= A7He =
Ale] Al7] H(magnetic field strength, [A/m])2} #F3} M(magnetization, [A/m])S] 33} F
A& po(absolute permeability, [H/m])2] o= AT 4 ot 1 BA42 Eq (1)~(4)
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Eq (DA po © X374 H e FA-&oIt Eq (29 A3t M 25 A1) A7)
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2. fBosdYe) o ATHEA FEAS BE

MFLTE 3 A ABRe 4718 ol 47148 qArtkstel, 44 582
WA AR AN AT FAASES AEsHs BES AU B
)

91 A7) ¥ €] SLell A (magnetic vector potential) 2 483 4= It} o] & 3] 7] E]
Fel e w A AEkg A (Maxwell equation)2 ©] &3l Zo|dk 4= Q) TtH24-26].

VxH=] (7

V-BE=0 8)

B =uH+B, 9)

o}71o) 4 Eq 3)e] H = #7172 A7) (magnetic field intensity), J & Agds
(current density)o]™, Eq (4)9] B = A< % (magnetic flux density)°]i, Eq (5)<]
|§, 2 25 A4 & (residual magnetic flux density), p = A+ (permeability)©] o,

S|4 ZE2 739l ANSYS (Ver.11.0 SP1 UP20070830, EMAG)®] ™) 2~ vl 2]
S Agste] FAHNAE Yl Fig. 2-29) Table 2-15 YEFATE Fig. 2-201 49} 72o]

GTAN S F3 FANFL skstol, ABA YR FUALE A s

K

r 4 Specimen

Permanent magnet

Magnetic sensor

Fig. 2-2 3D FEM modeling
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Table 2-1= 814 & A% 7 24059 205 Yehdth MURX: BlFAHE

(relative permeability) p,.©o1™, oJH EZ o Fx-& p oF 4o ds] EASHA &=

S T FAE poskel vlE vEpdoh =8, ARPIAINA p. & 16 747t
+ ko, AR A= 18T ol F kS 7HKITh BFEAME Sl BAIAS Eq (6)
3} 2,
- H
b= (10)

RSVXE 717] A &8 (electrical resistivity) p= YERH, ©@9l+= Q-m o]t} &=

3, A7) AES A EE(conductivity) 62 9Eoln, BAIAE Eq(7) 2t

_ 1)
o=-
p
Table 2 -1 Component characteristics and sizes of FEM simulation (MFLT)
. Mesh
. . Size . Ansys
Item Material Properties size
[mm] model
[mm]
MURX 25
) 12.7 X 173 X SOLID117,
Specimen 9Cr-1Mo RSVX 1
30 1
4.99E-7
6 X 20
Permanent . MURX
Neodymium MGZZ 1 SOLID117
Magnet 5.30504
129900
Magnetic .
Air MURX1 | 86 X 9.6 X 20 1 SOLID117
Sensor
Environment Air MURX 1 30 x 30 x 40 2 SOLID117
MURX: Relative Permeability, RSV X: Electrical Resistivity [Q - m]
Fig. 2-2°14 6x20 mm ¢ JFAA el oJs] Al 3oz =7]7o] elr}
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Hop e AJHHLS 127 X 173 X 30 mm & A7|E 2AZE 1, AHH] A%

0
Z1ol7k 05 mm o]ar ZHol7F 2 mm 1 AeE EARSHITh Al HE FAE A7)

A&-go] zHzb 25H/Im, 499x107Q-m Q1 A AAZ el ar, a9
lift-off = 1.55 mmo]t}. Fig. 2-32 Ab&st A0 7 F=AA4S 3 A3E ey,
33+ WEFOo R FHS vt
ANSYS 11.0SP1 ANSYS 11.0SP1
Isigg.gi.lsoLUTION r ggg];ISOLUTIUN
SUB =1 SUB =1
/Li E?E:l (AVG) z<—T ;;Mm (AVG)
z r e tbughicn
e Snsaonae

-.033212
-.011172
.010869
.03291
05495
.076991
.099032

.010869
.03291
.05495
+076991
+099032

Ni0CNNDEN
(TR RN ||

Fig. 2 -3 Contour display of radial component of magnetic flux density

FAEA Aol ®i= npe} o] A ofs AR AR AlEHE

EHo] e 2P PO RES Hrl, APW] GO A% T FAAL
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Coil / magnetic field

Eddy current's
/magnetic field

Eddy y AN,
currents{ i -
V< — 3 Conductive

; £ 4 material

Fig. 2 -4 Principles of eddy current testing
(AF=-Z A1 http://www.ndt-kits.com)

& ATrelld s of=eh dnbAQl ECTO et sdd ddE ol gskAnL,

=
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e
1
1o
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o
R
X
Mlo
2
N
ri{
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il
o
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S
2
N,
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ok
2
~
o
M
Fel
1o
E
oty

o,
o
ui
rlr
Y
o
ui
M
Q
N
%)
1o
K
e
2
El
du
)
i
il
[-‘O
N
)
ol
g
oY
>~
>
i
1o
ofy
o>
|o
fu

Mt g mAel AR A4EE A4S Aedel BarlFE WA

2] Eq (12)= YERRSIT 7148 g(electromotive force, [V])< HAo] 7471 3

A 7ol whe} Wt A7) A4 d(magnetic flux, [Wb])e o= %3

[29].

15

Collection @ chosun


http://www.ndt-kits.com/blog/wp-content/uploads/2013/03/electric-conductivity-measurement-.jpg

VXE = —E (13)
VXH= +6D (14)
=/ at
A71A HE A71delH, I dFdrola A7t wet Wels D= WY A7
Yot}

<«<— Ferromagnetic material

N

M\ Magnetic sensor
e \\\\! 7
Y

Coil

Flaw

----» Induced current

‘~»  Distortion of induced current

Fig. 2 -5 Eddy current distribution due to a crack on a pipe
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2. TrEesdA e g% dFIAEA AT EX
ECTE: Il unRdAFE A7t Al@H g FAdAfolo] wFAp7| o] Ay
shal, WRAZIEL FANFgoR fHFrt 527 "k o] efFe AlFEA =
A= Aol o8l ef=o] WA= AS L AR (FEM, Finite Elements Method)
< ol g3t FA S A Esy] A Mg AAAES Eq (15)~(19)F 2
o] YERT30-31].
VxH=]=],+], (15)
V-BE=0 (16)
vxi=-28 (17)
at
B=uH (18)
J. =oE (19)
Eq (15)% H & &A1 A7), ] & & AFUE, |, & 49 AFdg, ], & 9
AFdroln, Eq(16)2 B £ A&EWU R0, Eq (18)9 ue FAE,EqQ(19) o = &
oJtt}.
o] wAadg s Agetr] A A ZZ Il ANSYS (Ver.ll.0

SP1 UP20070830, EMAG)E ©]%

3l Fig. 2-63 Table 2-22 s &tk e] 44 )

A& Algsk7] flaEl 3pEAH I 7t @450 2E YERTH Fig. 2-6914 2714
Wk 2% WEoln, 15 WEkE A|l@¥e] £ Wgkolth. APHS FAES
25H/m ©]a1, A7) AL 499x107Q-m ¢ ZAAA AHel oCr-IMol.E 714
stdeh =k, A7 S R 0.1 mm F78 5 mm dol® 3% % #A Qo
), Fdo= Fa 300HzS] THFAF 01 Ans A&t 7o B FAF=
dEsas W AP o w wHA|Go] Vb ES APHES 30 X
30 X 40 mm 9 IA7|E BRdHYsta, AFH Fotof] 9 x]sk= Zol7F 05 mm ©] 1
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o] 2 mmel AES BAFSATh A7) AA 2k AlEH Ui o] ARl liftoffi 1.55
mmo|th. Fig. 2-83} 2-9&= Ab%3dt 2o 7 FAA S 3 AFE Jehde, 3z
e g wHsch

‘/k’. A/ki Specimen
r Z

Coil

Magnetic sensor

Fig. 2-6 3D FEM modeling

FA A S st7] 918 Table 2-2= 7 2459 7S YERETH Table 2-2014]
MURX:= H] 5 A& (relative permeability) u,©1™, 249 Fx& u ¢ ¥ FA&
to ke Bl E YERITE RSVXE 7] A& (electrical resistivity) p= YERIH, T3]
£ Q-m o]tk T3 A7) AFEL A% (conductivity) 02 Sgoln &3 Eq.

113} 2ot

Fig. 2-7% Fig. 2-82 X314 A= Vet Fig. 2-72 AFHE7F A 8H
S et 0F BForR FxHM, FEAFIE AN v AS
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Table 2 -2 Component characteristics and sizes of FEM simulation (ECT)

] ] Size Mesh size Ansys
Item Material Properties
[mm] [mm] model
MURX 25
] SOLID117,
Specimen 9Cr-1Mo RSVX 12.7 X 17.3 X30 1 1
4.99E-7
01 x 03 x5
Coil Copper MURX 1 120 turns 0.5 SOLID117
0.1 A @ 300Hz
Magnetic )
Air MURX 1 86 X 9.6 X 20 1 SOLID117
Sensor
Environment Air MURX 1 30 x 30 x 40 2 SOLID117

MURX: Relative Permeability, RSVX: Electrical Resistivity [Q - m]
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1 ANSYS 11.0SP1

ELEM=19710
MIN=1696
MAX=25722
1696
4365
7035
9704
12374
15043
17713
20383
23052
25722

IE00REENN

ANSYS 11.0SP1
VECTOR
STEP=1
SUB =1

ELEM=19710
MIN=1696
MAX=25722
1696
4365
7035
9704
12374
15043
17713
20383
23052
25722

B00REODN

nl\\ “-\}"ﬂ,l" .;4'
LN

p I A
} J‘:‘A;'."-l
&) m.*u'" !
! w}wau UW% o

Fig. 2 -7 Vector field of the current density in pipe specimen
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ANSYS 11.0SP1
NODAL SOLUTION

STEP=1
SUB =1
FREQ=300
IMAGINARY
Br (AVG)
RSYS=11
PowerGraphics
EFACET=1
AVRES=Mat
SMN =-.117E-03
SMX =.107E-03
= -.117E-03
= -.918E-04
— -.670E-04
= -.421E-04
= -.173E-04
— .760E-05
.324E-04
—_ &
| .573E-04
822E-04
- -
.107E-03

ANSYS 11.0SP1
NODAL SOLUTION
STEP=1

SUB =1
FREQ=300
IMAGINARY

Br (AVG)
RSYS=11
PowerGraphics
EFACET=1
AVRES=Mat

SMN =-.117E-03
SMX =.107E-03
-.117E-03
-.918E-04
-.670E-04
-.421E-04
-.173E-04
.760E-05
.324E-04
.573E-04
.822E-04
.107E-03

(RN (AIR] | |

Fig. 2 -8 Contour display of the radial component of magnetic flux density in pipe
specimen
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A 3d FEXS} JAFHIN

o FAEE 7R AAA A Ao RYE AT E RS o

W) gEe] Fe BAYE 4 A4 ol gdte] ALY FAEE FRHOR o

Ferromagnetic material

Flaw

Magnet

Magnetic sensor

Coil

----+ Induced current
"5 Distortion of induced current

== Magnetic field

Fig. 2 -9 Principles of partial saturation eddy current testing
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A 37 AAZA

A 1A BY 2771+ 2}
1. HWE oz17]

B oATgelA st BRlg 27 gbdebs W 12.7mm A3 A Al
U= ARgleke], Al ojHe)] EAjsk: AdS HETh whebs, a4 F3te
Adetr] flste], BNlE o271 E HAasteth oA Fig. 3-10] yERd vkg)
2ol A7 emm, o] 20mme] FFAAE Asta, BEE A4 0.1mme] ¥ EE

A= 1208 2 BNy IS ulsidnh ol et FRA dagdat Ada

l‘?

1

s}
T
&
Lo
N
&
aly
H
.J>
o1
3
3
o
O

_~~_J+— Ferromagnetic material

Permanent magnet

MFLT o s AldHS AAe ol 2ol AR/E 7FskA 92 ZdH
Atk Fig. 3-29] (a)v 974 = dEbdH. (b)+ ECT
e TEstk7] g BRE oAxrIR]l Zd-s e, (o) FEES P FH
AFH (PSECT, partial saturated eddy current testing) 2 Z-€3F7] YaliA 9=

N3t RS F AL iA/E BA ol g5 A+E veharh,

A ANFe REE =

oX
Ol
o
;O
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(a) Permanent magnet a

(b) Coil

(c) Permanent magnet + Coil ﬁ + f MDY - =

Fig. 3 -2 Magnetic source; (a) Permanent magnet, (b) Coil, (c) Combined permanent
magnet and coil
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2. I A71AA

Fig. 332 WA A7|7bete] oixp7]Ql GFAA T izl o) Alolo]
o= AT A7) AAE Uehdth GTRpAel s ARH URel o 2

e AR SR g ABH Agel o8 shwE FaAs wE}
-

WAl g e w ARG of o AlgHe] Aol sk, A9k FHolA
FEAF7E A=, o] wiAy| Y] SV Wskgt S, A g Bl
Fdefl ofsf Aol fle W 8] ARl F2 LAk, d¥eo] EAT
ol = o] Aol AR ojH e A E &8syl flete], r-del izt

<
N
N
r.__>‘:‘
>,
rO
ol
[.%
>
i
jas)
==
2
ol
)
3%
v

S, BAAE A EWe] $AQ gFoz A7) A7le vl H (Beos6) 5
of £ A¢S FUF oled BANS Eq (2009 vhehdth B AFAE 4]
WA BNE ojx7) Alolel fiAskel Age] EAlel AAF ] 479
A B2 5 QRS Scs3]

Vy=k-1-B-cosf (20)

<«—— Ferromagnetic material

Permanent magnet

Coil

Magnetic sensor

Induced current
Distortion of induced current

- =% Magnetic flux

~ -  Magnetic flux leakage

Fig. 3 -3 Design arrayed magnetic sensor to measure radial component of magnetic field
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Fig. 3-4= 277 W@ Aol ARG BRE A7) 7k eke] 717 S YER
W, Az 7] TE AEAA e A A, FEAANE FAEEE AN 2 A=

22719 EAIME 164° tAo 7 wid3IAdTh

Fig. 3 -4 Magnetic sensor array 3D modeling

Fig. 3-52> AAZ #A2g AA 7|5 vepdth 7HaAdo] Hold ABS 4
(ABS, Anti-lock Brake System)E ©]&-3to] 3-D g ol 2Jsto] A ztst3it).

Fig. 3 -5 Prototype of magnetic sensor array in circumferential direction

26

{Z/Collection @ chosun



3. AIZAHYI=E

32 E|(LPF, Low Pass Filter)E
AFArrs 73 do= ww/-47F HE7|(RMS, Root Mean
=

Square)= 43k %791 AD8221E 3t o]5gkal

High Pass Filter
Magat |
Senosr
l Low Pass Filter
= High Pass Filter
—
Low Pass Filter

1
= 21
e 2nRC (21)
_ 49.4 kQ
Gain =1 + (22)
Rg
1 T

¥ ATE B NRE wug Ak A7kK TER, S MFLT, ECT d
PSECTS] ztztel gt NEA e/t Bester ol weh, A 744 FEHel e
NEAE L ASHES Fig. 370 vhebdl wheh 2 BFAEALHZE AL

th. Fig. 3-7(@) MFLTOl A-g3t7] $13F 300HzS] A3t45 71 = A5

2

J
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A9} 600BY FEuE AL ARFBIZE vehadh ARATE FH A9
Sol 4YHE F AL A5 oxA

o
BN
2
o

a8 5 AEF 3T (b= ECT %
PSECTell #&3t7] 913 AsAes|zolw, ntfol-g I E, 60dBS] T%F 2 u7-
25 215 37| (RMS, Root Mean Square) A& skgich g, 2lsxgs2s A3
A Z = 175 DAQS! NATIONAL INSTRUMENTSAFS] PCI-62555 ©]-&3lo] PC®E

dol8E A%ahelnt.

(a) DC type signal process circuit (a) AC type signal process circuit

Fig. 3-7 Signal process circuit; (a) DC-type, (b) AC-type
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4. BN A7 7H 2k A"

Fig. 3-8 HW& 27])7kete] A4 A A0 vehd ESrlojo] 19|,
ATE T MEdt ®wulE 27| 7bv s MFLT, ECT, PSECTE A £3 4 9%
A A AT

MFLTE o711 G724 S F3ll Alddel A71ds 7tetd A7) Fa&
| wheb Ap&o] whgste] Adtel] oa rAEE A& BEE AV AAE FH
gt 54" Ase AsA g zed o] At E 72 E (LPF, Low Pass Filter)

rh

Jfu

2

9} %S &3l NIXFS] PCI-6255%1 t}7]-55 %] %= (DAQ, Data Acqusition)E &3l o}
g2 AZE HAd AS R npro] pPCR A sk
ECTi= CHROMAALS] 616025 o] &-3lo] F o nF{FAFE Q7tste] Al g Ho

r’l

WFRANEE FAAAT Ao EAl 7Ae AR dfFs FANE 57
sta, )T HDE|(HPF, high pass filiteNS 7% 23S FZ3 & DAQE %3

PC= 33

PSECTE G744t Byl IdE& Aol ol gste] I+ A4E af Ada
FAEel %t S Hxstetar, Aol & d=He FEAFE A AAE
AT S8E Ase S dest vheh o] ECTS S Az 3

MFLT System = = = = = = = = = = = e e e e e e e e e e e e e -———

I
|
Permanent I
|
Magnet |
Magnetic Signal Processing |
al Sensors =1 MFLT : LPF, Amplifier 50d.B[I()El{)HH) 1
AC . R ECT : HPF, Amplifier 60dB(10004H) 1
Power Exciting |
i |
Source coil !
(CHROMA 61602) 1
DAQ !
ECT System = === = = = s e e e e e e e e e e e e e e m e = —— == . (PCI-6255) "
1 1
1 |
1 | I
v PC v
MFLT System + ECT System = PSECT System

Fig. 3-8 Bobbin-type magnetic camera block diagram
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A 272 AFolEFA B AEHE LY ZA

Fig. 3-92 HRIE 27]|7te|ekE o] &8t Aldds AAetZ] S8 Al A~

& UEehdY BRlg A gbdekE Ay el dAbstal, 940 R AlojEs AXE
Aol oJste] Alddel] Wakd ®BRlg Ap7|7hdetE olFsiitt =, AZES
AN A2AYE FEstr] 98 we sk RS-232C & &l Motion controller
of dEgxoe] € FTE AXNIE WAANAFT AR B ASe

Stepping motor driverell HA Algwich Aejg FEQ] 7} A Fe AR AFE

l

r
o
oft X

.l.z

Zo] RUE o %4, FE (AutonicsAt A3K-S545W) S 3] A8l == Alojsto] 3 AS
A7,

Fig. 3-9 Scan system of the bobbin magnetic camera system
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Fig. 3-10 Specimen fixture
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CHOSUM UNIVERSITY

A 32 AZE 9]

1. AAERE
B ATelA JhEst Az ESol= AA Al 7HAE BE, S AHRE, SR
T Y BAnEg fLRAYG APRcE Ay AF3d 2wy 27 7dEkE o
g3kl AR E Aaletr] flall, AT Eolet AHUES deAd F dSET of

o

et A7) Mz FREE s A vebd Fig. 3-11s 22 EH 0] 44
REZ vehe, 92 H3REe 93 O 4YRsy A3 AY 9 79
A TR T, O 4% AAUS 22 Edeld AEL 7] AT A
Hgrolm, SEZE RuY A/t FAHE AEe) Ad P P9 waw
g oollet HolHAS £rs 438 & olrh Table 31 AFRE A 7%

of the dWE vERd

o

Fig. 3-11 Software set-up mode
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Table 3 -1 Software set-up mode of detailed information

%) s H] 31
S =4, 84, 4 9 | 2= 43 :
RANEZY B4 X
COM Port e A% COM3
Baud Rate A S5 A4 57600
Data bits dolg] A4 H|E HA |8
Parity oA A= wE 44 |0
Stop bits A2 nE 474 1.0
© Flow control I35 Aol 24 None
Channels e Ay AH Dev3/al0:21
~ = M WMz AT S
A BE j;’" nee T 400
= 0O
. HA A5 g8y WHe
minimum value Jeps -10
= 0O
> ANs © W o
maximum value i]fj HEoAE e +10
= 0O
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axEYol FHREE Fa) BAY A)sbdetE olgstel AFHoRRY
AT E FAS53A T SHEE(Fig. 3-12)F AHolA HEE(©), FEHE(@), B
e (@) o BFEe] gk @2 AAUE Aofsty] A% Jlsolth AU &

3

BRE AAsta, volgHolx 24 Bl At dHolEE &l 5+ v @2 A
AZro. 2 A7) Fhletel] gste] F5g widk yi-o 7] REE VHAIEE ¢
SUA waterfall 222~ ¢} 3D color-map.°.

o l-m
o
(g
o,
o
T
o
=
I

Table 3-2= = R T o] AAEE 759

DA & Sdata @

Fig. 3-12 Software measurement mode
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Table 3 -2 Software measurement mode of detailed information

53 75 H] 3z
Left % o]F -
Right EE o]F -
Home A4 E7 -
Stop A -

© Speed olF X Hx HA 31mm/s
Scan Distance 27 A oY 570mm
Move Distance (mm) olE A7 9 570mm
Sample Rate (Hz) AMEY 7] A4 15000Hz
sl s e -
=% =3 A& :
Aa7] =49 dole 97] -

© A S5 dolel A% -
4 A =4 A -
A A= tlolel A Az A% -
Waterfall dlo]¥ #5 Waterfall 12| 3% -

© Surface 3D dlole #5 Surface 3D 97 -
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3. FAHRE=

9 R E(Fig. 3-13)oll A= tXEIE Y, x&d7|H, #4432 d 9 4975
T W gAEEHE S AAlsk] A% REE Alwste, 8% FF(HPF,
LPF, BPF), A1Z % Fu}<=(Sampling freq:), 22the 7 @ F=3}4=(High cut-off freq:), ]
e Re X Fukg(Low cut-off freq)E A& 4 Stk T8k ©9 waterfall L]
xo] 9 AE AT 4 QYEE FATh 3D color-mapl] color AALL] A H
B-scan®d /ol vk ERIE Zelof] s 574 MMM ALK o WAs= o
Ao 7y A Aol ofddFE A= s WA T3 T SHAAY] A
s FAta, BEE 73T RS St #AESE Ui ©2 2

A5 22k BE, 54 AR AA (2ol gste] 28) W

=)o o] A~MukeF B-scan A Al 3-3Hc) Table 3-32 7+ 7] 5ol thdk AlEZ<Q o

=

Fig. 3 -13 Software Analysis mode
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Table 3 -3 Software Analysis mode of detailed information

ke 7| H| 11
= A1 HolE A7) -
n) ZHeo g A& -
sampling freq: |8 Z% T3+ 24 1000
e Ol A Fa 4y 150
low cutoff freq: | A th &} 2}t Fub A4 30
HEEF]] | Lowpass, Highpass, Bandpass 2 €3t ZHE| X8 | Bandpass
Order Ay A AdH 3
Line Offset |Waterfall 72>~ @ XAl %4 0.0025
R R R e o S = R -
A B (S0 QYR -
HE el A= B3k -
51 =
® NG REL S R L :
TZA 2 ol ER Al A -
T toly Efl & -
YUl E 71 (A E =4 -
AU E | A HoE 4 -
AMEIR |Holy 2V|gtow S -
< T ZA9 2% 2AY X
Auto Scale i’rfieif[) e A o 25 A A -
[e) = o
. Surfaee 3D 1 z5 HU@H HA e T
MM T o agetel Brwa '
34 AR A -
A7 Ay, A 5 A8 doly A% -
Waterfall | dlo]8 #2] Waterfall 72>~ -
Surface 3D | H|lo]E] 4] Surface 3D ¥ -
© Surface o 2 2 )
Image Save Surface 3D ©] 1] =] A3
Waterfall -
Image Save Waterfall o] 7] %] #] & -
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300 mm ._L]UO mm 100 mmJ 100 mm | 100 mm | 300 mm

le
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@ 11 1 1l
#1 #2 #3 #4 #5
300 mm 100mm 100mm 100 mm 100 mm 300 mm
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® TR T
#1 #2 #3 #4 #5
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e N| l, | |
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(c) () o ()
| #1 0 #3

Fig. 4 -1 Damages on pipe specimen; (a) Wear scar, (b) Short circumferential groove, (c)
Slidng wear

Table 4 -1 Sizes of the artificial damages

e :;ill;tslﬁcml No# Length Width [from wI;flpttl]:ickness]
#1 15.88mm 180° 0.115mm[5%]
P 42 15.88mm 180° 0.23mm[10%]
V #3 15.88mm 180° 0.46mm[20%]
Wear scar #4 15.88mm 180° 0.69mm[30%]
#5 15.88mm 180° 0.92mm[40%]
#1 15.88mm 360° 0.115mm[5%]
#2 15.88mm 360° 0.23mm[10%]
#3 15.88mm 360° 0.46mm[20%]
Short circumferential | #4 15.88mm 360° 0.69mm[30%]
groove #5 15.88mm 360° 0.92mm[40%)]
_— #1 69.2mm 90° 0.69mm[30%]
V #2 69.2mm 90° 0.92mm([40%]
Sliding wear #3 69.2mm 90° 1.38mm|[60% ]
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Fig. 4 -2 MFLT inspection results of the Wear scar
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2. JAFEY A3EH

Table 4-2= ®R1E 7|7k etell A T2 S A ASELL, BRHlE Fdo wF
5 dgs otdF gAY A" 1S yebdY F34+= 300, 600, 900Hz=E

Table 4 -2 ECT experimental conditions of the Wear scar

Ex;r)lirniqngsftal Frequency [Hz] Cliileliil[pg;] Filter
180mA HPF

#1 300Hz 250mA HPF
320mA HPF

180mA HPF

#2 600Hz 250mA HPF
320mA HPF

180mA HPF

#3 900Hz 250mA HPF
320mA HPF

oogee & 5 Atk @, YPAR A7
Z7hgel mhet A1ge) dFE AaEs & Ak AR, 29 489 YRR
320mAS] A@ATE vlwaku, A A3k BoAa glor, 600Hzel M F
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5% 10% 20% 30% 40%

#1

#2

Fig. 4 -3 ECT inspection results of the Wear scar
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3. FEX3I JAREN 432
W A7) Fhel kel o T 9 Table 4-39F o] B Folo] 9%k wwA
TE dEste], Fi 23t Sl [FEA(PSECT)S 483 A3E Fig. 440 JERATE
Table 4 -3 PSECT experimental conditions of the Wear scar
Experimental number Frequency[Hz] Coil Input Filter
Current[mA]
180mA HPF
#1 300Hz 250mA HPF
320mA HPF
180mA HPF
#2 600Hz 250mA HPF
320mA HPF
180mA HPF
#3 900Hz 250mA HPF
320mA HPF
Fig. 4-4> PSECT W& o] &sto] Finti Algds sy 8 AFE= 4
A3k AWs AP xFOR wES A §e Aloth PSECT Wel o3 ¥
Erlm ARWES AW A% YHAOZ 20% ol g9 FEntm A FLE W
EakQirh 3, PSECT Wl ol82 A% wol= Am7h 4ol ECTS A9
Asturh ARE A9E 98 5 Q. o, AW A8e Fa 273
A7V Baes AgRee A%l B30 o gEshl dehde & 5 Atk
ECTS o] 2] F3he 600Hz ool A fAket Auts 9 & gk
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Fig. 4 -4 PSECT inspection results of the Wear scar
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APARE o]z A%l 74T Ao 43 A5 49E 30mm X 22ch(Hall
sensor) = F=3GTh Al ZEA el o AFE #hs olgahy] el FAE
Aol A% AT E vusty] oHy s|lAEIHe] B¥Q RFHA o & o] &35

of FAF Azl A3 255 vk o] #AAXE Eq (24)~(25)°1 HERATE o
Z1o1A, ME 30mm X 22chZ &3 oo F#S UEdTh ne &17] Al )

K

M=2E (24)

’ann;(i ;l M)? (25)

Fig. 4-5+= MFLT, ECT, PSECTell 9J3 54 & HIdHE s|IAETIHH} 25H
22 UERd ddoln), SIAETIHE AE5 A 20% o] Fitutre] <3
AA717 d=rd X5 AASAT 5, Age] Zlo|7)l Zojdss AR

gel $xv} HS A A4S B 5 Ak
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Fig. 4 -5 Histogram analysis of Wear scar
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Fig. 4-6 Surface integral range
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Fig. 4-7<> Ao A Ao W& WARES dAE Hepdoh y5& 53 749
I AT dARe AE3 ge dEdd, x5S A9 AFS derdd.
e HAZE Threshold= ato] 285 Aap Al 742 SHYH| &) A4
126mm3(z1°] 0.46mm[20%]) ©]72] FEvtRE AHso s HET + AU

g, ZH Aghe] Zlolo] wE ZFHARY] #Al= Fig. 48 U T Eq (27)~(29)
o skl AE 4 3tk Eq. (27)~(29)° ompirs Opcrs Opsser= MFLT, ECT, PSECT
o] xFAAE vlstd, d, &= A Zolo FAgs vrebdith

ok

SyeLr = 0.00004d, + 0.00003 27)
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6gcr = 0.00002X; , + 0.00006

O-PSECT = OOOOOSXED - 00004'

e MFLT = ECT ¢ PSECT

v 08
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S 03 ° .
- N
= 024 =
5 ' g e °
T onh & "
™~ 0 1" No crack

0 50 100 150 200 250
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Fig. 4 -7 Relation between integral data with volume of Wear scar
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Fig. 4 -8 Relation between standard deviation with depth of Wear scar
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Fig. 4 -9 MFLT inspection results of the Short circumferential groove
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2. JAFEY 432

Table 4-42 ®R1E 7|7 et A AT S A ASELL, BRHlE Fdo wF
5 dgs otdF gAY A" 1S yebdY F34+= 300, 600, 900Hz=E

=
T
7PAER om, Yl dFE 180~320mAR X713l

Table 4 -4 ECT experimental conditions of the Short circumferential groove

Experimental number Frequency[Hz] Cﬁror!r:t?ﬁ:i] Filter
180mA HPF

#1 300Hz 250mA HPF

320mA HPF

180mA HPF

#2 600Hz 250mA HPF

320mA HPF

180mA HPF

#3 900Hz 250mA HPF

320mA HPF

PN
-
2ol Y Fohgi 600Hz o) gel A fAb ANE AL gk
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Fig. 4-10 ECT inspection method results of the Short circumferential groove
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Table 4 -5PSECT experimental conditions of the Short circumferential groove

Filter

HPF

HPF

HPF

HPF

HPF

HPF

HPF

HPF

HPF

Coil Input
Current[mA]

180mA

250mA

320mA

180mA

250mA

320mA

180mA

250mA

320mA

Frequency[Hz]

300Hz

600Hz

900Hz

Experimental number

#1

#2

#3
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Fig. 4-11 PSECT inspection method results of the Short circumferential groove

53

“ICollection @ chosun



4.

Fig. 4-12-> MFLT, ECT, PSECT] ol& 43 2
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Fig. 4-12 Histogram analysis of Short circumferential groove
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5. A Aswd dugF

flo
e

Fig. 4-132 A3t A Z o] wE WA R AAZS el y=
St Aty WS A8 s vEhH, x5 A3 A4S yeldo F
Ao Hugks Threshold= 3k 283t A3} MFLT$ PSECTS 7 -$-¢l

99mm3(zle] 0.115mm[5%]) ©]4e dF1FH A A= #AZEsla, ECTE

in)

S

rr

o,

196mm*(zlo] 0.23mm[10%])°]d<] 51718 ATS AET = U
@, 7} AT Zolol ME EEAA WAL Fig 414 2 THE Eq (30)-(32)
Oﬂ -O/]—a‘]'o% E}\]% _)II 9}‘4’ Eq (30)"(32)01] OpmFLTy OECT O-PSECTE‘ MFLT, ECT, PSECT

lcu
g

o £FAAE v, d, A% Zold FAgS vhehuin,
omrir = 0.0003d, — 0.002 (30)
oger = 0.00009d, — 0.0004 (31)
Opsser = 0.0002d, — 0.0011 (32)

e MFLT = ECT ¢ PSECT

¥ 6
3
=~ .
5
T 4 .
é .
S ‘
S
. 2
g ; :
<
S0 1 L
=
E | No crack 3 -
0 # = Threshold

100 200 300 400 500 600 700 800

Volume of Flawsfmm3]

Fig. 4 -13 Relation between integral data with volume of Short circumferential groove
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Fig. 4 -14 Relation between standard deviation with depth of Short circumferential
groove
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Fig. 4-15 MFLT inspection results of the Sliding wear
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2. AFEL 492
By A7|7kEE o] gske] SEfoldmbE Al S Table 469 AEXA=
olgste] AR St HHe) Fas W A7FE Q7] ko] 7t Fupsol
et Tl AR 180~320mAE  UbsEAlTh ES FEE AAG] S
300Hze] ARFASE 712 nrjlERAE & B, F5& A7 Ak
Table 4 -6 ECT experimental conditions of the Sliding wear
Exiil;;rgg:tal Frequency [Hz] Cli’?’l(irftn[pnllltA] Filter
180mA HPF
#1 300Hz 250mA HPF
320mA HPF
180mA HPF
#2 600Hz 250mA HPF
320mA HPF
180mA HPF
#3 900Hz 250mA HPF
320mA HPF
Fig. 4-162> A3 A¥E YeRH, 40% ©]/d2 &etoldutre o3 z71% &
29 9%g P & AN w9, 7 Foe) Ao dYdRel wet A
of Sg A7) wEh dekdtke AL % § Atk %, 320mAE AEAS o
Famel A71ge $3h 29 AR 180mA, 250mAc] BlE] F3EHA Lhek

23 300HzE.T} 600HzS] Fu}5=7} A ko)

s A= A1 a7 gEEA A EL se & ¢ Utk b, ECT

o Sefolduii AldRS HARSIlE A% 600Hz, 320mA°] wHHF Q1)

Stle W 20% o9 Eetoldrtns FdA o A 75 #dd & Qv
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Fig. 4-16 ECT inspection results of the Sliding wear
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3. FEX3 gAREY 4d4H

BNE A7|bdeke] WY oAl GPANe nAe Al Letold

vhE A RHE FAICE PSECT & o) ako] etolgume] 93] 247142

g=ro] LAsto] o5 AV] AME ol&st] HEsh HAE® AEE e
o} £gshy] fls At FIH-EEE o] &Pt Table 4-72 HAXAS HER

Table 4 -7 PSECT experimental conditions of the Sliding wear

Ex;r)li;ilngg:tal Frequency [Hz] Cli’?’gr?[pn?z] Filter
180mA HPF

#1 300Hz 250mA HPF
320mA HPF

180mA HPF

#2 600Hz 250mA HPF
320mA HPF

180mA HPF

#3 900Hz 250mA HPF
320mA HPF

&

Fig. 4-17 PSECT "= o] &3te] Sofoldrty Algas Fub 3 AFd
= Ads das et 2 Fube A9A S vk A}, 600Hz, 320mA°lA
27179 dl3to] AlskE W, ol#gh PSECT el st 30% o)de] Zeto]dwt

28 #%% 5 Yok webd, PSECTS A% AEol ECTel mlsto] $43e &
& st
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Fig. 4-17 PSECT inspection results of the Sliding wear
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Fig. 4-18 Histogram analysis of Sliding wear
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5. A Aswd dugF

Fig. 4-192 229 A Ao & WA R #AAE Yepdt) yH2 53 £4
St Aty WS A8 s vEhH, x5 A3 A4S yeldo F
Agrgdd ] FHugks ThresholdZ2 3&lo] #83F A3 MFLT® ECTS 7%l

19mmi(Zl o] 0.92mm[40%]) ©]e] Zgtold wpRAsS w07 &8, PSECT

rr

£ 13mm*(Zlo] 0.69mm[30%])°1Y &EEteld R AgS HED S k.
g, 7 A glolo] wE mEHARS] WA= Fig. 4-20 3 T Eq (33)~(35)
Oﬂ -O/]—a‘]'o% E}\]% _)II 9}‘4’ Eq (33)"(35)01] OpmFLTy OECT O-PSECTE‘ MFLT, ECT, PSECT

o EFAAE s, d,= AT Hold FHge vhehunt,
omrir = 0.0004d, — 0.0005 (33)
oper = 0.0001d, — 0.00008 (34)
opsper = 0.0004d, — 0.0007 (35)

e MFLT = ECT < PSECT
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Fig. 4 -19 Relation between integral data with volume of Sliding wear
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Fig. 4 -20 Relation between standard deviation with depth of Sliding wear
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2l (36)7} Table 4-82 <=3t 7zt A3 zlojof]
(25)~(32)& ol&3to], A3t o5 F43 A%} FAXE vehdn

il
ke
N
¢ ~
)
1o
)
N
>,
m
o)

Table 4 -8 Estimate the depth of flaws

Depth
Type of artificial cracks [from wall MFLT[%] ECT[%] PSECT[%]
thickness, %o]

5 6.76 7.09 6.61

10 72 8.02 8.26

ﬁ 20 17.65 18.93 20.25

30 33.09 27.88 33.08

‘Wear scar
40 37.31 40.57 40.19
5 77 6.84 717
E—

ﬁ 10 932 8.75 10.64
20 20.64 17.07 22.47

30 3321 28.68 34.4

Short circumferential groove

40 45.09 412 46.42
I — 30 19.69 34.72 28.12
ﬁ 40 43.36 61.66 51.79
Sliding wear 60 49.38 773 63.71

Table 4-80 4 -5 2lo] whe} Agke] zlo]E F745h gro] AAl At zlols}
OEE & F AUtk olE Fall, eake] WeE 7 dart Stk Eq B7)S ol &3}
o] 7} Asto] thall zlo] @ x}= Fig. 4-21~230 YERWTH 7} J#E yHS ok A9
Agre] {7 o] FgFE vt A Ad7)s ukeh o] 22ch x 30mm AES] P&
EFHAF o5 ol gsto], A3 zolE FAHA oI, xF2 A AA 2
ol& uehdth 7+ Agte] FEg TEdlel e 2SS Table 4-904 UERY]

ut

Error =% (37)
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Estimated Depth of Flaws[%]

Estimated Depth of Flaws[ %]
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Fig. 4 -21 Estimate the depth of wear scar
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Fig. 4 -22 Estimate the depth of short circumferential groove
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Estimated Depth of Flaws[%]
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Fig. 4-23 Estimate the depth of sliding wear

Table 4 -9 Information error rate

MFLT ECT PSECT
Wear scar 18.42% 17.48% 20.14%
Short
circumferential 15.09% 14.28% 32.91%
groove
Sliding wear 12.36% 18.63% 13.95%
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