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ABSTRACT

Development of Non-destructive Testing System
for Heat Exchanger Tubes of Paramagnetic Metal

Sim Sunbo

Advisor: Prof. Jinyi Lee, Ph.D.

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

A heat exchanger is one of the key components in petrochemical plants, district heating, and
thermal and nuclear power plants. In the heat exchanger, heat energy is transferred from a high-
temperature medium to a low-temperature medium through a heat exchanger tube, which is a
metallic separator. The heat exchanger tube used in high-temperature and water chemistry
environments, such as high-pressure feedwater heaters in nuclear power plants, which are made
of austenitic stainless steels (STS304), a non-magnetic material. Despite the use of heat- and
corrosion-resistant material, the high temperatures, high pressures, and vibrations in such
environments may lead to flaws. As an indicative example, between 1976 and 1996, out of a total
of 166 failure records of the main body of feedwater heaters and internal equipment, 144 cases
included a failure due to leaks in the heat exchanger tube; thus, 87% of the total cases involved
failures. This indicates that the primary-side and secondary-side media separated by the metallic
separator are not mixed, which precludes the inherent function of the heat exchanger tube, i.e.,
exchange of heat with high efficiency. In order to prevent this problem, a quantitative evaluation
of the presence of flaws in the tube as well as the shapes of the flaws should be performed through
periodic inspection. In the conventional method of eddy current testing (ECT), a bobbin probe
and motorized rotating pancake coil (MRPC) are used to detect the presence of flaws and

examine the shapes of the flaws. However, the bobbin probe has limitations in that it cannot

viii
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distinguish between cracks and volumetric flaws, which poses a challenge in detecting crack-
like flaws in the circumferential direction. On the other hand, with MRPC, the probe, driven by
a motor, rotates at 900 rpm, and the eddy current distributions in the inner and outer walls of the
tube are quantitatively evaluated. However, MRPC also has operational limitations in that the
scanning speed is very low, i.e., 0.5 inches/s, the on-site installation of the inspection system is
not straightforward, and the signal analysis process is complicated. In addition, since the inner
wall of the tube and the probe are in direct contact, the service life of the probe is short due to
wear, and the cost of the probe, including the rotating mechanism, is high. Therefore, when
MRPC is used to inspect all the heat exchanger tubes at a power plant, the downtime of the plant
for nondestructive testing needs to be prolonged, which leads to a major disruption in the power
supply. As a result, the use of MRPC is limited to critical parts, such as steam generator tubes,
and is not suitable for general non-magnetic tubes.

In this regard, to overcome the limitations associated with quantitative evaluation of ECT
using the bobbin probe and to consider the field requirements in terms of scanning speed and the
service life of ECT with MRPC, this study aims to develop a magnetic camera for nondestructive
testing of non-magnetic heat exchanger tubes.

The magnetic camera includes a differential bobbin coil and an encircling array magnetic
sensor. The differential bobbin coil applies an induced current to the inner wall of the tube and
measures the impedance and phase difference according to the presence, type, and size of flaws.
Then, the flaw information included in the time-varying magnetic field induced by the exciting
coil is measured by the semiconductor-based magnetic sensor with an encircling array. The
amplitude and phase difference distribution of the time-varying magnetic field measured by the
magnetic sensor array contains information on the shape and size of the flaws as well as
information for detecting the presence of flaws. To implement this mechanism, exciting coils,
magnetic sensor arrays, a remote DC and AC-stabilized power supply, and parallel multi-channel

amplitude-phase signal processing circuits were developed. In addition, dedicated software for

iX
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the proposed system was developed.

To test the developed magnetic camera, an artificial tube specimen made of non-magnetic
material (STS304) was fabricated. Each test specimen was processed by simulating flaws
commonly detected in feedwater heaters, e.g., slits and wears of various shapes that can be
formed due to corrosion, erosion, and vibration. In addition, by simultaneously using both the
differential bobbin coil and the encircling array magnetic sensor, the presence, locations, and

shapes of the flaws were determined, and the depths of the flaws were quantitatively measured.
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Fig. 1 -1 Construction of nuclear power plant [1]
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Fig. 1 -2 An example of a cylindrical shell and tube heat exchanger [2]
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Table 1 -1 High-pressure feedwater heater accident area [2]
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Multiple
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Fig. 2 -4 The flaw classification algorithm.
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Fig. 3 -5 Principle of excitation current and induced time-varying magnetic field
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Fig. 3 -9 Triple waveforms
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Fig. 3 -13 Integral of each outputs after (a) 0° phase, and (b) 90° phase multiplying
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Rx(r, ¢, z) :f Ve(r,¢,z) sinwt dt

0

21

Ve(r,¢,z) coswt dt

Im(r,¢,z) = f

0

Z(r,$,z) = \JRe(r, ¢, 2)% + Im(r, ¢, 2)?

,Im(r, ¢, 7)

*r¢.2) =tan” o D

30

Collection @ chosun

(18)

(19)

(20)

(21)



- - T

31

J0SUIS
D

SIS

r=|=— === =
= e mm mm e e omm o o o e

[ ™

e

N

d |

< LN %

o A+

Fig. 3 -14 Block diagram of the signal processing circuit
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G1 GO

7T

CMOS LOGIC ‘

m b

INPUT R ARRAY

MOS-INPUT
OP AMP out
10k 10k
V' —ANAA—$AAN— V"
(2] []
v+ AGND V-
Table 3. LTC6910-3
NOMINAL NOMINAL
WOUTASE Al NOMINAL LINEAR INPUT RANGE (Vp.p) INPUT
Dual 5V Single 5V Single 3V IMPEDANCE
G2 G1 GO Volts/Volt (dB) Supply Supply Supply (k2)
0 0 0 0 -120 10 5 3 {Open)
0 0 1 -1 0 10 5 3 10
0 1 0 -2 6 5 2.5 1.5 5
0 1 1 -3 95 3.33 167 1 33
1 0 0 -4 12 25 1.25 0.75 25
1 0 1 -5 14 2 1 0.6 2
1 1 0 -6 15.6 1.67 0.83 0.5 17
1 1 1 -7 16.9 143 0.7 043 14

Fig. 3 -16 Block diagram and amplitude gain of programmable amplifier
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Agilent

Fig. 3 -17 Verification of gain of programmable amplifier
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Fig. 3 -18 Experimental results after multiplying 0° and 90° phase square pulse
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Fig 3-19v= 2 AF5 Eate] Azst 9 AsAe 322 19 F ¥-F € (HPF,

high pass filter), 7%

=3
=

, BER7), AR7E dehddg F 2AE Y] ATt
Yol glow, nfR =] 1689 AsAREY AdE 5 Je= &)

uhebA, 78] e R EeA 32xd ] X, Y Al ASE FAC BE A 5 3l
.

Bottom -

Fig. 3 -19 Amplitude and phase signal processing board
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4, QHIo|A

B ATAME 94 AF-nF st A Ao 2 tAld ADHES 95k
Fig.3-20°] WeEbd mlel 7Ho] NI-DAQ(NI 9178, NI 9220, NI 9263, N19223, NI 9403)E A}
£33 98 wdE GMR A4 AT E ATAY F X, Y AR FY 57| o
ol 16:199 AD WE7|(NI 9220)= 4715 AFg3te] z+zF Aol 32209 16bito)
ADW S-S ALgalgith Bl 9 AS = 4399 AD WHSH|(NI 9223)S AME3HS
oo 97 AR -uwRF g3 dY Aostr] ¢8| Digital /O (NI 9403), Analog

output(NI 9263)& AH&-3}3 T

Analog input (16 Ch)
(NI 9220)

N

GMR sensor signal (X)

SINIWNULSNI
TVNOILVN

Analog input (16 Ch)
(NT 9220)

Analog input (16 Ch)
(NI 9220)

GMR sensor signal (Y)

Analog input (16 Ch)
(N19220)

DAQ
(NI19178)

Analog output

(NI 9263) AC power control

DC power control
AC power control

Digital /O (32Ch)
(NT 9403)

Analog input (4 Ch)

pisiimme Bobbin coil signal (X,Y)

Digital 1/0 (32Ch)

(NT9403) AC power control

Ay ey gy,

Fig. 3 -20 Data collection device
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Table 3 -1 NI-DAQ specifications

Analog Input (NI 9220) Analog Output (NI 9263)
Analog Input 16 Analog Output 4
Channels Channels
Analog Input . Analog Output .
Resolution 16 bit Resolution 16 bit
Voltage Range + 10.6V Voltage Range + 104V
Sample rate 100 KS/s Current Drive t Ma per channel
maximum
Analog Input (NI 9223) Digital I/O (NI 9403)
Analog Input .
Channels 4 Digital Channels 32
Analog Input . .
Resolution 16 bit In put/Out put type TTL.single-ended
Voltage Range + 10.7V Voltage Range -0.25V to 5.25V
Sample rate 1 MS/s
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A 3-8 AXTE 0]

Fig.3-21, Fig.3-22+= A& 9 A Ae A2, 974 A7 a7 g3 14,
AE o]~ W 2HFo]FA | (Push-Puller) & T&3t7] gt 574 9 a4 LZE o
= verdth BR1g 2] 7kdeke] 2 widE 22702 GMR Al e BRl 5 Al
3E 25m A% AolES Esto]l A Aol Attt (a)= HlolHFHS(DAQ, data
acquisition) 27435 HEbdTE A= S AA Y Jhge A aY, B
3o o He aRdde] Fue W A5S AT w23 volE 5 £
S (sample rate)s 243t (b= FF wldE GMR A A3 E ASAE F
Amplitude, Phase A& GAS YeEldT SAHE = AS= AAFe 2 1dEHL (o)

= GMR AA 2 TA)o] &4 5= 1Byl 79 XY ATE AA7LoRE HolFET)

(2)

B tsemmp st - o x
[ 230 m2e 2w z=zep swo =20 msam

[F:\HP DATAL
2015 15EM SSE\
[ALL G 30K 1A 2P-.

Fig. 3 -21 Measurement software
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Fig.3-249] (a)°lA] ‘open’ HE> S84 (b)9 &> @43 Fo] dd= &
Z HE GMR AlA 9 (c) Amplitude, Phase A% ¢} (d) ®¥ Y A3 E B2t}
(e°lA = 54 ¥ Amplitude, Phase G olA 54 995 Fuiste] 3D surface = 2

el BAe HA F Ak (0 S wuRA XY A5 AT AnE

2

HolEh (98 A Zol 100%~20%2] B7F oS yvebdoh (he  “AREaEA]”
BEAAT, nEFYANHD , VM W 3 T2 AT AYHE A

otk £ AT L AAA AsAL R Bl

[E3 wspection o

o
z
2
&
2
3
Y
3
3
!
e

SINE- e oaTay
EMCON | i
- e GRS | el

+t 3
o7 W12 Hosais72 Wosaor: |
/8 BTl

[irspecion Prjecthry 8 E] ¢

Fig. 3 -22 Analysis software
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A4ZEd % 2

= Aol A= A ¥ (flat bottom hole), Wl-&]We] 338 wlE (groove), V% (tapered
wear, flat wear), = W& (Axial crack), 95 ®3F 7 Y (Circumferenctial crack) 232 U

74 13.33mm 77 1.27mm 2] STS404 A|gHo| <l AsrS A 2kt =3k 119t

TN A A Aol i AWHE AASAG AT APAS of
g3to] An@y) AGW MAAAA A2 FEHL FAW AnE wuw

e A Zusl 9Ab GuE olgstel arsrglon

puller)E ©]€3lo] 50mm/s S22 FAFSHSI T
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A12AdE

1. ¥ A¥EH
AF AFHL ARk A AR Fss AFsH] S8l AFEs Qe A
AlgdHoltk, AFHS 9 AHUO|EAAH Y AZH(STS304) AAZA, WAUID,

inside diameter)©] 13.3mm®]|3l 7|7} 1.27mm°]t}. Fig.4-12} Table 4-1<= A& H 3%
Holl % A ¥ (FBH, flat bottom hole)= Al @ ] 2] F-Z=H-E 7ha3tith #A-1 A
2 4

S 7EeA Tl #-A-5= A7 4.763mm, 2] 20%<2 4712 FBHS 90° (Ao =

100% &5 £33 Ago 7tadtach, #a2~4 AL zlo] 80~20% o]

e

7T #A-6 AT 2 3.175mm, ZO]7F 20%21 21 &R (OD groove)©]

W, #A-7S F 1.27mm, Z°]7F 10%¢] WA 2R (D groove) 43l T,

A1 A2 A3 A4 A5 A6 A7

120mm 1. 7x40mm | L I | 1 1 I 100mm |
N e »le »le »le »ie e e |

Fig. 4 -1 Specimen #A

Table 4 -1 Physical characteristics and sizes of defect specimen #A

# Depth (%) Depth (mm) Diameter (mm) Type
A-1 100 TWH 1.321 FBH
A-2 80 1.016 1.984 FBH
A-3 60 0.762 2.778 FBH
A-4 40 0.508 4,763 FBH
A-5 20 0.254 4.763 FBH
A-6 20 0.254 3.175 OD groove
A-7 10 0.127 1.588 ID groove
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Fig.4-23} Table 4-2+= &7]2] Agde| ofe] 71#] ] AgE EASH A[§A
ojt}, 3| 180°¢] ¢]X]st #B-1 TW(tapered wear), #B-2 FW(flat wear)© 40% Zl°o]=
2 JofA] glon & dIEF 2 6.32mm & HolE VA EE HAAFORE Tty

H Asglo|t} #B-32 20% Zlolol A 2.778mme] 3 A 3 (FBH) 4 &o|t}. #B-4~5%

2
N
N
o

AldHe] & ®F3F(AN, axial notch)Z} 1= W3F(CN, circumferential notch) ©. = 40% %
0.127mm Zlo]o] 9mm Zo]2] Ago|t} #B-6 = (Dent) A O E 10% Zo]ol &
5mm, 4°] 10mm F4-S 7FY;. #B-7 S7] 2 THSC, steam cut)e HAFSH A3HO

A Z1e] 20%, % 10mm, o] 40mme|Tt.

B-1 B2 B-3 B-4 B-5 B-6 B-7
| 75mm : 5x50mm I 1l 1 1 mm 1l 100mm I

Fig. 4 -2 Specimen #B

Table 4 -2 Physical characteristics and sizes of defect specimen #B

# Depth (%) Depth (mm) Diameter (mm) Type
B-1 40 0.508 6.32 180° TW
B-2 40 0.508 6.32 180° FW
B-3 20 0.254 2.778 FBH
B-4 40 0.508 0.127/9.0 OD AN
B-5 40 0.508 0.127/9.0 OD CN
B-6 10 0.127 5/10 Dent
B-7 20 0.254 10/40 SC
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Fig.4-3%} Table 4-3> ¥& - (TWH, through wall hole)2} AN¥} CN2] A3HS A

2 ukEE A O AldHo |t #C-1~25 100%2] #E3F Adto|t} #C-3~6S AFH

Fog AR vlFE HE F 14

=d)]

=

RAFSHITE BEEh #C-7~9 AT oA

SR 2 100%~20% Zo]e] AdS 9o

=z
=
AFWFOR M T1FE BE F A W 9F

S 2 60%~20% Zolol AshS e RAFSHSIT

C-1 Cc2

I I
" 100mm 78 x40mm " 1"

Fig. 4 -3 Specimen #C

Table 4 -3 Physical characteristics and sizes of defect specimen #C

# No Depth (%) Depth (mm) Diameter (mm) Type

C-1 100 TWH 1.0 FBH

C-2 100 TWH 1.76 FBH

C-3 100 TWH 0.127/9.0 OD CN/OD AN
C-4 60 0.762 0.127/9.0 OD AN/OD CN
C-5 40 0.508 0.127/9.0 OD CN/OD AN
C-6 20 0.254 0.127/9.0 OD AN /OD CN
C-7 60 0.762 0.127/9.0 ID CN /1D AN
C-8 40 0.508 0.127/9.0 ID CN/ID AN
C-9 20 0.254 0.127/9.0 ID CN/ID AN
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Fig. 4-4x= A naw7td7]eA F23 493 AddozA Ad Aol

o

o] Q. EF 7719 AF AJFHOF NI, N2, N3, N4, N5, N6, N72] 7z} AL
il JHe] AA A3F 5 YERdT

&
—
&
o
+
N
rlr
£
)
A
r’l

Fig. 4 -4 Natural flaw specimens

Table 4 -4 Natural defect specimens

# No identification length number of flaws
1 N1 108.3 2
2 N2 104.7 1
3 N3 105.6 1
4 N4 100.8 13
5 NS 88.0 4
6 N6 105.8 2
7 N7 108.0 1
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A 22 AQZA

Figd4-5& & AFE Foto] 7 »uly HAlxzne gl 3% 4 $jAk Alg
A 25 AFot7] fst AFAAE yebdoh HAFZE B, AHgo] 5] (Push-
1l 2 gl 9IA Al A 2] (Control box), T E&HOSZ FAJHTH

=
500mm AFE-E 372 At AARE AT HAF SR S0mm/s 2 OHAL

Push-Puller
Controller

Fig. 4 -5 Experimental setup
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A 32 AAMEH] ds 371

of e 54 eAE Bt 548 AFdE A4yl st ZPE= HEaEY
2 ZHRMSE, root-mean-square error)°l] 2] &Fo] 7}tk o 7)ol A f(x;)E amplitude
F= phaseo] &ate]l =E9 zlo] BrHE AwE iAotk y = 03 SHE el
osto] Z4zt Frkd AdE dEpdTh wEbA, y - f() v HAE gudt Y
3 Ago] thate] 1034 33k

RMSE = \]2?:1(% - f(xi))z (24)
n—2

A& 3 A F(FBH, flat bottom hole) A ¥H > AME-3FSITE #A-1~5 Ag-2 2]
o] 100~20% zlolZ 7}&¥ Astolty, YT+ 2+Z; 50kHzE AHE3F3iH 103
S &, JFHF7F ok A3} Figd-6o HERA viel o] 585mve] RMSEE LE}
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Table 4 -5 Error evaluation by repeated defect measurement

D E F G H
f(x;)=20% f(x;)=40% f(x;)=60% f(x;)=80% f(x;)=100%
y; (deviation| y; (deviation] y; (deviation] y; (deviation| y; |deviation
1 26.07 | -6.07 | 41.01 | -1.01 | 53.24 | 6.76 | 73.90 | 6.10 | 105.77 | -5.77
2 2699 | -6.99 | 41.07 | -1.07 | 56.28 | 3.72 | 72.30 | 7.70 | 107.51 | -7.51
3 26.08 | -6.08 | 39.31 0.69 | 54.09 | 591 75.01 | 4.99 | 110.25| -10.25
4 2575 | -5.75 | 4135 | -1.35 | 5452 | 548 | 71.05 | 895 | 10697 | -6.97
5 2572 | -5.72 | 38.78 1.22 | 5531 | 4.69 | 72.73 | 7.27 | 106.88 | -6.88
6 25.64 | -5.64 | 41.72 | -1.72 | 5476 | 524 | 70.14 | 9.86 | 104.31 | -4.31
7 2571 | -5.71 | 39.02 | 098 | 56.86 | 3.14 | 71.75 | 825 |104.75| -4.75
8 2599 | -599 | 40.58 | -0.58 | 57.25 | 275 | 73.19 | 6.81 | 10543 | -5.43
9 2599 | -5.99 | 40.58 | -0.58 | 55.68 | 4.32 | 73.19 | 6.81 | 109.03 | -9.03
10 | 2593 | -593 | 40.84 | -0.84 | 57.61 | 2.39 | 72.62 | 7.38 | 106.04 | -6.04
RMSE 6.71 1.19 5.19 8.42 7.74
- 5.85
80
3
=
o 60
1]
]
X
m
E
&
B
20
0
0 20 40 60 80 100
Depth [%]
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Fig. 4 -6 Experimental result of repeatition
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2. X2AEE I HUt

A% A71E Brksted 9FS A T e A SR mE FHAE Y
FAS A5k Aotk AlFHE #ACS] A #A-1_100%, #A-2_80%, #A-3_60% OD
FBHS o= 3. HAFSEE 57 /sec~25" /sec YA AMEEE 57 /sec
o2 F7HAI7 e st

Table 4-6 57 /sec ~ 25" /sec?] &£E2 A3 S i, 3702] FBHOl thsle] &
HE= AsE Uepdt 7 A3k AE A gstAl AASHAEE 257 secoll A= A
A5 7F oFsfi it ojwf ZF Agte] tiste] Lol whE Hojghe] W3HE Table 4-
60 LEbdTE of7|ollA &HXeo] mE Hoighe] wists A ow otetr] 9lste]
2l 25)E FHEHE 0SE otk 1 A Figd-7o WERd mRel o] 57 Jsecoll
A A S 100%0]2 &9 u), AAETel Wl ZAaste] 107 /secoll A

= 5S=70%, 25" /seco A= 5 S=30%7FA A 3}3F T}

100 X Vingx (9,2, v)

Vnax (®,2,5) (%) ()

Table 4 -6 Change of maximum value according to inspection speed

Inspection speed (inch/sec)
Depth(%)
5 10 15 20 25
100% 47 44 37.7 28.7 28 x10*
80% 33.7 37.4 31.2 26.3 25 x10*
60% 33.2 40 35 27.5 26.7 x10*
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Fig. 4 -7 Effect of scanning speed
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3. 360° AWEA A5

3600 A A Ao wldd BCTOlA 7 Z28 A% F shbo|tha0-41].

o= A

tonkel ol AVIAME P o wdsile W, AMgte] WA 3

>~
A= #HAxslel7] flete] 3T ss AskAld dert 7] woldh =

ATl 3600 AW A Ao BrEs] flsked Ar)ThviEke] A R-E
Algsgel Wk -, 60%°] FBHOl f1x|skivt. 12]al, AldEE sxlstdA 7 Al
A E8E SIS Fig 48 SHNRA F5 AM ] 7 AEE e,

1% SUAEE ehdt 43 o4 sdste] HlolHE AS @tk elw, W

A
rlr

L
N

T A H o gh(Vmax(i)) S A A SR 3600 AW el A] 9] F7hs thE Ao
2 Z¥ ¥+ A 3 (normalizing) 3t 7S 98 T Zo] Tl AAAOE vl
stk gHoRs ATse %ol Bt Axgow vmshel

V(i o
Vnormal(ir Q) = v C (l)) (%) (26)
1 n m
Vaverage = mx le Z Vaormar (i, @) (%) (27)
i=10=1
Vinin = min{Vnormal(i: ?)} (%) (28)

2 AFelA AL Ar)Fhdete] BIGISE 1.5mme] AlA] 3t El5(16.36°
7= wdlle)e 7AW, Figd-9o YERA vkel 2ol Hab 95~96%, A 83%2] 360°
AMEAE A& F AU
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Channel

Rotation angle

Fig. 4 -8 Raw data for evaluating coverage performance

Average: 98%, Min: 93%

50
. AT
120 r’ﬁ'f_ gm0
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150 — 60 L 20
L} |
N 40 {

TS % e

180 ( o )n
3

( )
7 Y
210 Ny (—‘I 330
h_--""|1 I[h-_-Jl

) e
240 - A_ T 300
270

Fig. 4 -9 360° coverage performance
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AN4B A AEs F7)
1. A 7% #3

Fig.4-10, Fig4-112 Fig4-19] A3 A3} &9 vf dds 7= Ad8 9
e BW I AY AdE dEhdth Aed HRl S| Fuk 50kHz,
100kHz, 150kHz®] i A9& dgshalty. Fak57h ool ukel dg /7
AR S-S S48

#A-1= AT BE AH(THW)S.= th2 A9 zlo] AEel 9lof 7IEe]

Al ARg3F7] 98l 50kHz, 100kHz, 150kHzol A 2] 914212 4002 A A 8T,

)

r1r

gy
L }01'

o] Az W@ 9 Ag ZAo| E ASME I E Q1S Fuslgivh42-44]. -X

& 0°2 AAste] +X Fox Holx= S St olw Al g =
AP AEE 447 248 o R AT 7 YERITE #A2E 80% o], F A
1.984mmE 7HA= BAE A deEbdT) 50kHzol A1 8] 91732 552605 LERA
o} FurE S7F ol whel 100kHzOl A= 67.47°, 150kHzol A = 70.89°2] 91742
s F Utk

#A-32 60% Zlole] HAF AsHS el 50kHzo A o] YAMES 62.89° &

e F3k57F 27} 3o whel 100kHzol A= 81.61°, 150kHzE 83.42°9] ¢ A+7zh

#A-4= 40% Zlolo] HAF AsHs veERHTE 50kHzo A o] YA 73.38° %

Uebdich Fuk4=7F 71 ol whal 100kHzol A = 94.60°, 150kHzE 95°9] 914+2HS

mlm

#A-5v 20% Zlolel 4zl HAF Asto] 90°el e = AES eI
ATHE 4NE AA AT 253 HRl FAgAE Ak S A glo] Zo]d

100kHzol A= 103.29°, 150kHz= 114.32°2] YAz =4840},
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#A-6:> SOl 20% Zeole ¥ mEE YEbdth 50kHzOlA S 917
7324° =5 YERdTE FIrE S Shel whel 100kHzel A= 97.06°, 150kHz+=
101.30°¢] 9172 =743k

#A-7:> WOl 10% Zele 23 mEE dEbdth 50kHzolA e 9132
3025° =5 uYEbdth Fut
17.36°2] 91742k 5743kl

#A-1~59] A FAT Bk FAE Aol zlo] 20% A A= A
S Yehinh 53 Ayto| A= 50kHz, 100kHz, 150kHzS] F3b=¢} Aaglo] Zo)7}
ESTE 7ol At gk, sjHe] EAstE A Ag-ole T Eot
Aol wpel §akzte] AR, grFE AT E AAYFoR SHeT vl uj o
TAskE Agtel Aol 40° olete] AT Amr vebdth Tela, FakEvt
wobyel meth, 91747 AlA Wi o w 3t

ojelst B 7IE Fotol A w5 =€ 29 SIA(ID, OD)E #HEE ¢

7} =7} Stoll whel 100kHzol A= 19.56°, 150kHz+

ATH.
Table 4 -7 Phase changes with specimen #A
Phase angle change by frequency
# Type Depth (%)

50kHz 100kHz 150kHz
A-1 THW 100 40.00 40.00 40.00
A-2 FBH 80 55.26 67.47 70.89
A-3 FBH 60 62.89 81.61 83.34
A-4 FBH 40 73.38 94.60 95.00
A-5 FBH 20 81.62 103.29 114.32
A-6 OD groove 20 73.24 97.06 101.30
A-7 ID groove 10 30.25 19.56 17.36
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Fig. 4 -10 Lissajous curve with specimen #A (1/2)
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Fig.4-12, Fig.4-13, Table 4-8 Fig.4-2°2] TW(tapered wear), FW(flat wear)$} 3 #| ¥
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Table 4 -8 Phase changes with specimen #B
Phase angle change by frequency
# Type Depth (%)

50kHz 100kHz 150kHz
B-1 180° TW 40 50.04 67.98 70.66
B-2 180° FW 40 49.38 68.23 72.12
B-3 FBH 20 49.47 68.99 78.46
B-4 OD AN 40 59.23 81.15 87.34
B-5 OD CN 40 44.65 64.10 71.91
B-6 Dent 10 15.61 6.45 12.91
B-7 SC 20 80.66 105.75 110.46
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Fig. 4 -12 Lissajous curve with specimen #B (1/2)
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Fig. 4 -13 Lissajous curve with specimen #B (2/2)
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Table 4 -9 Phase changes with specimen #C

Phase angle change by frequency
# Type Depth (%)

50kHz 100kHz 150kHz
C-1 FBH 100 42.34 42.22 41.20
C-2 FBH 100 40.67 38.7 42.34
C-3 CN/AN 100 42.21 41.30 40.16
C4 OD AN /OD CN 60 73.28 90.25 93.46
C-5 OD CN/OD AN 40 102.03 125.13 134.11
C-6 OD AN/OD CN 20 55.81 56.99 45.79
C-7 ID CN/ID AN 60 3943 36.32 35.12
C-8 ID CN/ID AN 40 29.02 22.16 18.75
C-9 ID CN/ID AN 20 35.32 29.35 28.75
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Fig. 4 -14 Lissajous curve with specimen #C (1/3)
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Fig. 4 -16 Lissajous curve with specimen #C (3/3)

Collection @ chosun

65



2. A% A ¥

Fig4-17-> Fig4-1°] AP o] &ato] AFgk z7|zteete] widd =p7]4lA
(BIGiS)o 23t =74 A5 el Fig4-182 ZF Aere]l dAHS d14317] 50mm
FovtEs wE Foste] R SHE ASTE X, Y A& AZE] A
2= & Amplitude, Phase 47H4] AT E 7HA1 AT A e b AHE FIeE
50kHzE AHE- 3Fltt.

#A-1~4 Ao A5 BAT A dErdth zlo] 100%-~40%% W stgtel]
gt 9 Y= amplitude A58 = Fol=th olE 8 Wste] wE EHASE
gl & 4 qlrk TS 20% ziolel 90° FFAOSE 4719 HA TS THAE #A-59
AFele @Al vUehde A o] 47 As 7t A" AFEd 2Rl 29
A g e A 34 A g 2 d9d Yol A% AXE Tt &

o

#A-6> 20% Zlo]e] OD 33 wiRE uyehm, 227] AlA doA AT E 7
A sto] AFwEE Anbol AA AEo] EAES & 5 k. HEsk #A-7S Ul 10%
k|

.{[:
2ol 83 rhRE vpehln], #A-67 2o] Ed frk. g Holo] WE A% W

66

Collection @ chosun



I 120mm 1, 7x40mm | | I I I I | 100mm |
o T (d "l

Amplitude

Phase

Fig. 4 -17 Continuous magnetic images with specimen #A
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Fig. 4 -19 Continuous magnetic images with specimen #B
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Fig. 4 -20 Distribution of magnetic intensity at each flaw with specimen #B
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Fig. 4 -21 Continuous magnetic images with specimen #C
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Fig. 4 -22 Distribution of magnetic intensity at each flaw with specimen #C
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Fig. 4 -23 Phase angle change according to defect depth: relationship between depth and phase

Depth50kHZ = —1.9442x + 181.77 (24)

Depthygo, = —1.239x + 155.89 (25)

Depthysors, = —1.1165% + 150.11 (26)
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Fig. 4 -25 Continuous ECT signals with specimen N1
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Fig. 4 -26 Lissajous curve with specimen N1

Table 4 -10 Comparison of bobbin ECT and differential bobbin coil for specimen N1

. . conventional bobbin probe of Phase angle change by frequency
classification . .
bobbin probe | magnetic camera 50kHz 100kHz 150kHz
flawl 616.6mm 645mm 57.06 70.38 62.25
flaw2 811.7mm 780.2mm 72.52 94.74 95.68

Fig.4-27, Fig.4-28, Fig.4-29%= BIGIS 57 A& Wbtk Fig4-278 3719 F3t
4+(30kHz, 50kHz, 80kHz)E AF-&3F amplitude A2 eI T 638.27mm, 780.2mmell
Al Agro]l AZH ATt BIGiS] olst A% 2% A3 A3 Figd-27, Figd-28°4
Eb ™, 645mm, 804mmellA] Aol &= Gl Figd-29+= BIGiSel 93t o] A%
A8 A3} 208mm, 263mm, 344mm, 384mm oA A HE &t ECT A8 A3},

616.6mm, 811.7mmo| 4] A3F AZ=3FST}.

79

Collection @ chosun



30kHz

50kHz
80kHz
]
L N S Y (I __
HE 1 Hz 2 dF3MZ4 21 g2
Fig. 4 -27 Continuous magnetic images with specimen #N1
30kHz 50kHz 80kHz
Z& 1 - Amplitude, Phase Z& 1 - Amplitude, Phase Z& 1 - Amplitude, Phase

Z# 2 - Amplitude, Phase Z# 2 - Amplitude, Phase

Fig. 4 -28 Distribution of magnetic intensity at each flaw with specimen #N1
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4% 4 - Amplitude, Phase 4% 4 - Amplitude, Phase 4% 4 - Amplitude, Phase

Fig. 4 -29 Distribution of magnetic intensity at each flaw with specimen #N1

Table 4 -11 Comparison of experimental results for specimen N1

Ph 1
. . conventional bobbin probe of asc angle . .
classification ) . change by classification
bobbin probe magnetic camera

frequency
flaw 1 616.6mm axial 638.27mm 645mm (axial)
flaw 2 811.7mm axial 780.2mm 804mm (axial)
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Fig. 4 -31 Lissajous curve with specimen N2
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Table 4 -12 Comparison of bobbin ECT and differential bobbin coil for specimen N2

. . conventional bobbin probe of Phase angle change by frequency
classification . .
bobbin probe | magnetic camera 50kHz 100kHz 150kHz
flaw 1 383.99mm 4211mm 69.45 91.06 92.24

Fig. 4 -32 Continuous magnetic images with specimen #N2
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30kHz 50kHz 80kHz

Z# 1 - Amplitude, Phase Z# 1 - Amplitude, Phase Z# 1 - Amplitude, Phase

Fig. 4 -33 Distribution of magnetic intensity at each flaw with specimen #N2 (50kHz)

30kHz 50kHz 80kHz
412 1 - Amplitude, Phase 413 1 - Amplitude, Phase 413 1 - Amplitude, Phase

4% 2 - Amplitude, Phase 413 2 - Amplitude, Phase 413 2 - Amplitude, Phase

Fig. 4 -34 Distribution of magnetic intensity at each flaw with specimen #N2

Table 4 -13 Comparison of experimental results for specimen N2

. . Phase angle
. . conventional bobbin probe of . .
classification ) . change by classification
bobbin probe magnetic camera
frequency
flaw 1 383.99mm axial 421.1mm 414mm - (axial)
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Fig. 4 -35 Continuous ECT signals with specimen N3

85

Collection @ chosun



50kHz

002 0.00 0.02

Real

0.04

100kHz

097+ T
0.80-
0.60-
0.40-
2 020
: N,

> 0.00

H

E 020
0.40- PoifA0
-0.60-

.80~

Real

7 — T T
0.97-0.75 -0.50 -0.25 0.00 025 050 0.75 0.97

150kHz

140 Toit

Imaginary

140 T T 1
<140 100 050 000 050 100 140

Real

Fig. 4 -36 Lissajous curve with specimen N3

Table 4 -14 Comparison of bobbin ECT and differential bobbin coil for specimen N3

Phase angle change by frequency

. . conventional bobbin probe of
classification . .
bobbin probe | magnetic camera 50kHz 100kHz 150kHz
flaw 1 616.6mm 838.7mm 54.45 61.45 63.67

Fig. 4 -37 Continuous magnetic images with specimen #N3
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30kHz 50kHz 80kHz

ZE 1 - Amplitude, Phase Z# 1 - Amplitude, Phase Z# 1 - Amplitude, Phase

Fig. 4 -38 Distribution of magnetic intensity at each flaw with specimen #N3

30kHz 50kHz 80kHz

4% 1 - Amplitude, Phase 4% 1 - Amplitude, Phase A% 1 - Amplitude, Phase

413 2 - Amplitude, Phase

Fig. 4 -39 Distribution of magnetic intensity at each flaw with specimen #N3

Table 4 -15 Comparison of experimental results for specimen N3

. . Phase angle
. . conventional bobbin probe of . .
classification . . change by classification
bobbin probe magnetic camera
frequency
flaw 1 616.6mm axial 838.7mm 835mm (axial)
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Fig. 4 -40 Continuous ECT signals with specimen N4
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Table 4 -16 Comparison of bobbin ECT and differential bobbin coil for specimen N4

Phase angle change by frequency

classification convgntional bobbin.probe of
bobbin probe | magnetic camera 50kHz 100kHz 150kHz
flaw 1 433.3mm 407mm 61.21 76.17 68.00
flaw 2 442.9mm 422.75mm 68.60 86.78 82.07
flaw 3 4850mm 470mm 64.46 87.18 82.31
flaw 4 491.3mm 477.35mm 56.67 79.53 75.76
flaw 5 524.1mm 500mm 38.60 25.53 23.81
flaw 6 5487mm 510mm 68.02 81.99 79.10
flaw 7 567.7mm 532mm 63.63 76.13 69.20
flaw 8 577.0mm 556mm 55.88 66.55 61.64
flaw 9 627.2mm 628.5mm 65.40 82.87 78.78
flaw 10 648.3mm 655mm 62.76 86.85 87.02
flaw 11 670.7mm 683mm 79.21 104.81 114.22
flaw 12 68L.7mm 697mm 68.09 89.54 90.74
faw 13 6964mm 715mm 55.02 67.07 66.06
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Fig. 4 -41 Lissajous curve with specimen N4 (1/3)
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Fig. 4 -42 Lissajous curve with specimen N4 (2/3)
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Fig. 4 -43 Lissajous curve with specimen N4 (3/3)
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Fig. 4 -44 Continuous magnetic images with specimen #N4
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Z# 1 - Amplitude, Phase Z& 1 - Amplitude, Phase Z& 1 - Amplitude, Phase

Zg 2 - Amplitude, Phase ZE 2 - Amplitude, Phase

Z# 3 - Amplitude, Phase ZE 3 - Amplitude, Phase ZE 3 - Amplitude, Phase

ZE 4 - Amplitude, Phase ZE 4 - Amplitude, Phase ZE 4 - Amplitude, Phase

Z# 5 - Amplitude, Phase

ZE 6 - Amplitude, Phase Z#& 6 - Amplitude, Phase Z#& 6 - Amplitude, Phase

Fig. 4 -45 Distribution of magnetic intensity at each flaw with specimen #N4 (1/3)
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30kHz 50kHz 80kHz

Z% 7 - Amplitude, Phase Z# 7 - Amplitude, Phase Z# 7 - Amplitude, Phase

Z%E 8 - Amplitude, Phase ZE 8 - Amplitude, Phase

Z& 9 - Amplitude, Phase Z# 9 - Amplitude, Phase Z& 9 - Amplitude, Phase

ZE 10 - Amplitude, Phase

ZE 11 - Amplitude, Phase ZE 11 - Amplitude, Phase

Z# 12 - Amplitude, Phase ZE 12 - Amplitude, Phase ZE 12 - Amplitude, Phase

ZE 13 - Amplitude, Phase ZE 13 - Amplitude, Phase ZE 13 - Amplitude, Phase

Fig. 4 -46 Distribution of magnetic intensity at each flaw with specimen #N4 (2/3)
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30kHz 50kHz 80kHz

412 1 - Amplitude, Phase 413 1 - Amplitude, Phase 413 1 - Amplitude, Phase

412 2 - Amplitude, Phase 4% 2 - Amplitude, Phase 4% 2 - Amplitude, Phase

4% 3 - Amplitude, Phase 43 3 - Amplitude, Phase A3 3 - Amplitude, Phase

412 4 - Amplitude, Phase 2% 4 - Amplitude, Phase 413 4 - Amplitude, Phase

4% 5 - Amplitude, Phase 4% 5 - Amplitude, Phase 4% 5 - Amplitude, Phase

412 6 - Amplitude, Phase 2413 6 - Amplitude, Phase 413 6 - Amplitude, Phase

Fig. 4 -47 Distribution of magnetic intensity at each flaw with specimen #N4 (3/3)
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Table 4 -17 Comparison of experimental results for specimen N4

. . Phase angle
. . conventional bobbin probe of . .
classification . . change by classification
bobbin probe magnetic camera
frequency
flaw 1 433.3mm axial 407mm 413mm (axial)
flaw 2 4429mm axial 422.75mm 428mm (axial)
flaw 3 4850mm axial 470mm 457mm (axil
flaw 4 491.3mm axial 477.35mm 472mm (axil
flaw 5 524.1mm axial 500mm 478mm (axial)
flaw 6 548.7mm axial 510mm 522mm (axial)
flaw 7 567.7mm axial 532mm 562mm (axial)
flaw 8 577.0mm axial 556mm 570mm (axial)
flaw 9 627.2mm axial 628.5mm 621mm (axial)
flaw 10 648.3mm axial 655mm 634mm (axial)
flaw 11 670.7mm axial 683mm 663mm (axial)
flaw 12 681.7mm axial 697mm 688mm (axial)
flaw 13 696.4mm axial 715mm 712mm (axial)
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Fig. 4 -48 Continuous ECT signals with specimen N5
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*ICollection @ chosun

99



Table 4 -18 Comparison of bobbin ECT and differential bobbin coil for specimen N5

classification convgntional bobbin.probe of Phase angle change by frequency
bobbin probe | magnetic camera 50kHz 100kHz 150kHz
flaw 1 4880mm 5785mm 104.86 127.94 145.97
flaw 2 522.3mm 6165mm 61.46 75.49 70.07
flaw 3 628.2mm 698.5mm 57.69 70.91 69.11
flaw 4 86Lmm 845.0mm 67.25 78.97 72.60

30kHz

50kHz

80kHz

Fig. 4 -50 Continuous magnetic images with specimen #N5
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30kHz 50kHz 80kHz

Z& 1 - Amplitude, Phase Z# 1 - Amplitude, Phase ZE 1 - Amplitude, Phase

Z& 2 - Amplitude, Phase Z& 2 - Amplitude, Phase Z# 2 - Amplitude, Phase

Z#E 3 - Amplitude, Phase Z# 3 - Amplitude, Phase ZE 3 - Amplitude, Phase

ZE 4 - Amplitude, Phase Z#E 4 - Amplitude, Phase ZE 4 - Amplitude, Phase

Fig. 4 -51 Distribution of magnetic intensity at each flaw with specimen #N5

Table 4 -19 Comparison of experimental results for specimen N5

. . Phase angle
. . conventional bobbin probe of . .
classification ) . change by classification
bobbin probe magnetic camera
frequency
flaw 1 4830mm axial 5785mm 580mm (axial)
flaw 2 522.3mm axial 616.5mm 615mm (axial)
flaw 3 628.2mm axial 698.5mm 701mm (axial)
flaw 4 861.mm axial 845.0mm 847mm (axial)
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Fig. 4 -52 Continuous ECT signals with specimen N6
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Fig. 4 -53 Lissajous curve with specimen N6
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Table 4 -20 Comparison of bobbin ECT and differential bobbin coil for specimen N6

classification conventional bobbin probe of Phase angle change by frequency
bobbin probe | magnetic camera 50kHz 100kHz 150kHz
flaw 1 117.1mm 233.3mm 60.93 75.34 66.75
flaw 2 380.5mm 408.0mm 66.14 80.90 75.70
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30kHz

50kHz
80kHz
Fig. 4 -54 Continuous magnetic images with specimen #N6
30kHz 50kHz 80kHz
Z# 1 - Amplitude, Phase Z# 1 - Amplitude, Phase Z# 1 - Amplitude, Phase

Zg 2 - Amplitude, Phase

Fig. 4 -55 Distribution of magnetic intensity at each flaw with specimen #N6 (1/4)

104

Collection @ chosun



30kHz 50kHz 80kHz

A% 1 - Amplitude, Phase A% 1 - Amplitude, Phase 43 1 - Amplitude, Phase

2= 2 - Amplitude, Phase 415 2 - Amplitude, Phase

4% 3 - Amplitude, Phase 4% 3 - Amplitude, Phase 4% 3 - Amplitude, Phase

413 4 - Amplitude, Phase 41S 4 - Amplitude, Phase

413 5 - Amplitude, Phase

Fig. 4 -56 Distribution of magnetic intensity at each flaw with specimen #N6 (2/4)
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30kHz 50kHz 80kHz

4% 6 - Amplitude, Phase 2415 6 - Amplitude, Phase 2% 6 - Amplitude, Phase

43 9 - Amplitude, Phase 2% 9 - Amplitude, Phase 2% 9 - Amplitude, Phase

412 10 - Amplitude, Phase 413 10 - Amplitude, Phase 4% 10 - Amplitude, Phase

Fig. 4 -57 Distribution of magnetic intensity at each flaw with specimen #N6 (3/4)

106

(“ICollection @ chosun



30kHz 50kHz 80kHz

4% 11 - Amplitude, Phase 2% 11 - Amplitude, Phase 4% 11 - Amplitude, Phase

42 12 - Amplitude, Phase 4% 12 - Amplitude, Phase 4% 12 - Amplitude, Phase

4% 13 - Amplitude, Phase 413 13 - Amplitude, Phase 413 13 - Amplitude, Phase

4% 14 - Amplitude, Phase A= 14 - Amplitude, Phase 4% 14 - Amplitude, Phase

4% 15 - Amplitude, Phase 4% 15 - Amplitude, Phase 413 15 - Amplitude, Phase

Fig. 4 -58 Distribution of magnetic intensity at each flaw with specimen #N6 (4/4)

Table 4 -21 Comparison of experimental results for specimen N6

. . Phase angle
. . conventional bobbin probe of . .
classification . . change by classification
bobbin probe magnetic camera
frequency
flaw 1 117.1mm axial 233.3mm 217mm (axial)
flaw 2 3805mm axial 408.0mm 403mm (axial)
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Fig. 4 -60 Lissajous curve with specimen N7
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Table 4 -22 Comparison of bobbin ECT and differential bobbin coil for specimen N7

. . conventional bobbin probe of Phase angle change by frequency
classification . .
bobbin probe | magnetic camera 50kHz 100kHz 150kHz
flaw 1 925mm 705mm 68.76 91.79 91.10

30kHz

50kHz

80kHz

Fig. 4 -61 Continuous magnetic images with specimen #N7

30kHz 50kHz 80kHz

Z# 1 - Amplitude, Phase Z# 1 - Amplitude, Phase Z# 1 - Amplitude, Phase

Fig. 4 -62 Distribution of magnetic intensity at each flaw with specimen #N7 (1/2)
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30kHz 50kHz 80kHz

4% 1 - Amplitude, Phase 4% 1 - Amplitude, Phase 1% 1 - Amplitude, Phase

43 2 - Amplitude, Phase 4% 2 - Amplitude, Phase 4% 2 - Amplitude, Phase

43 3 - Amplitude, Phase 43 3 - Amplitude, Phase

43 4 - Amplitude, Phase

Fig. 4 -63 Distribution of magnetic intensity at each flaw with specimen #N7 (2/2)

Table 4 -23 Comparison of experimental results for specimen N7

. . Phase angle
. . conventional bobbin probe of . .
classification . . change by classification
bobbin probe magnetic camera
frequency
flaw 1 925mm axial 705mm 71mm (axial)
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