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ABSTRACT

Non-Destructive Testing of Heat Exchanger Tubes in the High Pressure
Water Feeder Using the Bobbin-type Integrated Magnetic Sensor
Arrays

Myungchul Jung

Advisor: Prof. Jinyi Lee, Ph.D.

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

A non-destructive testing system is developed for the inspection of austenitic stainless
steel heat exchanger tubes. First, integrated Hall sensor arrays are disposed under absolute type
coil. When an alternating current is applied to the bobbin coils, an induced current in
circumferential direction is generated in the heat exchanger tube. In this structure, an eddy
current is generated around the defect, and the impedance of bobbin coil changes. Therefore, it
is possible to estimate the presence and location of a defect by analyzing the bobbin coil signal,
i.e., the amplitude and phase shift. Furthermore, the eddt currents generated around the defects
distort the time-varying magnetic field distribution, so the shape of defect can be evaluated by
the measurement of these distortions using the bobbin-type integrated Hall sensor array and the
AC amplification signal processing circuit. The developed system is verified using the artificial

defects introduced into the SS304 heat exchanger tubes of the high-pressure water feeder.
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Fig. 2 -8 Detrend data processing result (N=15)
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A dlolE s vhep,

Input data FFT

(14)

(15)

(16)

Time domain

Frequency domain

Modify

IFFT

Inverse data

Output Data [,
Filtered data

Fig. 2 -9 Block diagram of FFT data processing

13

Collection @ chosun



Modify

IFFT I-_3 zero
-

Fig. 2-10 A sample of FFT data processing

(@) Input data

(b) Output data

Fig. 2-11 A sample of magnetic image with FFT data processing
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4. 7 WHE
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g5t F o W] dFolty. F A7) &G el HEko] A dolg el st s

A7 ez 5 Fu5E AASE wbdel, 7t A2 d%EHE 53 99
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[0 :j_oo f_ooG(T,w)e_(j“’x)dex (18)
Veavor ()] = |G(z, w)] (19)
14V6abor (DI = Vabor (i + 1,7) = Viapor (i, /) (20)

Fig2-12+= € do]ge] g 1% Fe
Fig2-13& 1&F o] Wt 7i wdk A3 vjwsch 7k Wgke] 49 14
FEo A Axrct Ao 5SS FE5H7] dE8sigith. FH o]z Ao of
A A7 BlEo] FdE
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(b) FFT processing

Frequency (Hz)

] i i ]
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Time (s) / Distance (mm)

(c) Gabor transform

Fig. 2 -12 Principles of FFT and Gabor transform data processing
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Scan distance (mm)

(&) FFT transform result

Amplitude
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Scan distance (mm)

(b) Gabor transform result

Fig. 2-13 Comparison of FFT and Gabor transform data processing results
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A3d A¥HE dugF:

Fig.2-14%} Fig2-15¢ A%d=E duzs3 48 o5 vebdo. SAAM 9745

EEEECRE DR
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ko7 s PHEeld wgSEE shte ATe T WAF g £
FeuEsh £gslel ek 2o EE ©)2 Aol thstel theB2AE|(BPS, Band

pass filter)E 223t HFAs AAL} AEE FASA weEH 1

C Input data )

I Hall sensor | AV | I I Coil sensor | V| I
¥

Calculate
Max point

-

Filtering for
smoothing

LI Peak Detection I
¥

I Damage existing I
b

I Crack position & sum value I

-

( Quantitative evaluation of damage )

Fig. 2 -14 Defect detection algorithm
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(@) |AV], 3D surface

x all, [V]

(b) |AV], Max

Filter & Detection

Scan distance, [mm)

(c) |AV], Filtered Max

Fig. 2 -15 Example Defect detection algorithm
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A3¥AE 8 nF
A1d ANdH

Fig.3-1°A4] Fig3-4= g ZAAE o]&3st uta7td7] AL 1

I HGAE 2 FHrE 9t =918 AE|Q1# A7HSTS304) A AlgHo|h zt

AL AFTT7IEY oA ARl A& 5 9l HA F(FBH, flat bottom hole), 73 A}
v} 5 (TW, tapered wear), U5 (FW, flat wear) % A (slit)y= BAFSFATE B ZF A
Ao =3 A FF 9 A7]E Table 3-191A4] Table 3-40] eI
Fig.3-13} Table 3-1° HA X 348 A3hs L9138 Algddolth AdAe] 97
I 8L ZH2F 15.87mm, 0.254mm ©]™, F= 1.27mmelth #G_13 #G 2% W
(D)2} £1F-©OD)el =t g Astol) 7 Age] ol T tiul 10%$F 20%
O|Th #H 1, #H 2, #H 3, #H 4, #H5% Z19] 20, 40, 60, 80, 100%<] A &0t} o37]]
A O#H 12 4709 BAFo] sg o7 900 7t R widE oW, Urx HAF
Zkzy 1700tk #G 29F #H 19] Abolells wra7t AE S FH A A FH(TSP, tube

support plate)©] %] %] gttt

120mm | 40mm | 40mm | 40mm | 40mm | 40mm | 40mm | 40mm | 100mm

. S _ 1
#G_1 #G 2 T
"

TSP

Fig. 3 -1 Flat bottom hole (FBH) specimen
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Table 3-1 Sizes of flat bottom hole (FBH)

Location | #G_1 #G 2 TSP #H_1 #H 2 #H 3 #H 4 #H 5
Flaw 0.127 0.254 0.254 0.508 0.762 1.016 Hole
Depth

0,

F 13\‘;’]aﬁ’ of 10% 20% N/A 20% 40% 60% 80% 100%
Flaw 15.875

WidthDia | 1588 3.175 12000 4763 4763 2778 1.984 1.321

Flaw Type 1D Ob TSP FBH FBH FBH FBH TWH

Groove Groove

Fig.3-2¢} Table 3-2% AAME wlE(TW)E =8t AlgHol|th Al@H ] 274 7

YRS Z47F 15.87mm, 13.33mmo|™, F7= 1.27mmo|th. 7t At & Hv

thu] 60, 40 2 20% Zlole Aztow mojx glow, ThE FELS 953 6.32,
3.18mme] Zo)E A E= Ao g slEetgitt sk, 2 180°0|t}

; 100 :I: 65 'I: 65 'I: 120 : |
T s
A B < | o e L

Fig. 3 -2 Tapered wear (TW) specimen

Table 3-2 Sizes of Tapered wear (TW)

Location A B C
Flaw Depth 0.254 0.508 0.762
Flaw % of Wall 20% 40% 60%
Flaw Width/Dia 3.18 6.32 9.53
Flaw Type 1802 Tapered Wear 1802 Tapered Wear 1802 Tapered Wear
21
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=)

Fig.3-37} Table 3-32 WL (FW)E T8ist Algddoltt AldH e 47 UA
L Z}ZF 15.87mm, 13.33mmo]™, F7= 1.27mme|th. 2t AsHe 57 tiH] 60, 40

ol 20% Zlo]o] AHzZto g ufolx Q). A, Z& 180°FA], Fo] AU zlon,
oF Metor= e He = 7t

- B ¢ oo ] o ‘
A,

Fig. 3 -3 Flat wear (FW) specimen

Table 3-3 Sizes of Flat wear (FW)

Location A B C
Flaw Depth 0.254 0.508 0.762
Flaw % of Wall 20% 40% 60%
Flaw Width/Dia 15.875 15.875 15.875
Flaw Type 1802 Flat Wear 1802 Flat Wear 1802 Flat Wear

Fig.3-4%} Table 3-4i= Sliter =& Aol A 43 WA 727}
15.87mm, 13.33mmo]|™, FZ1&= 1.27mmo|t}. = 4719 Agre 33 Heko] &3

=

ojm, Aol7} 2,57, 9mmolth. %= 4749 A2 FWEFe] S3lolH, dol7t 2,5,7,

9mme]|t}. AA Ao zlol= T thu] 40%°]tt.
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) 100 [ 40 ] 40 |, 40 . 40 |, 40 . 40 . 40 | 100 R

- i i i i i T T b "

(/7777770777007 77777 70 7 i e h
A B C D E F G H

Fig. 3 -4 Slit specimen

Table 3-4 Sizes of Slit

Location A B C D E F G H
Flaw Tvoe oD oD oD oD oD oD oD OD
WP CIRC CIRC. CIRC. CIRC AXIAL | AXIAL | AXIAL | AXIAL
0,
Depﬂ\‘,&gﬁ %ol 400 40% 40% 40% 40% 40% 40% 40%
Physically
Meas. 0.508 0.508 0.508 0.508 0.508 0.508 0.508 0.508
Depth
Flaw Width/Dia 2mm Smm 7mm 9mm 2mm Smm 7mm 9mm
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A24d AAN D 24

Fig. 3-5v IS AYOo® st @guld 449 AAMFE depdo vt
BAD kA (ABSTA) AR Ve o5l EYA1E PCBE A AL, F 21

Mol EAAE wdstdrh AA S 9]FS 11.8mmolH, ol# g FRoAE Al

Al FEARE A7) 91 AT o] AR Table 3-6°1 W1EF

dom, 7Y FL 4mmolth. AT Yol =

Y
ui
(]
o
o,
1o
offt
rx
filo
8
tot
o

rl

10~90kHz, 100~300mA %] WFAFE A7FstSlth AxFTdef| oste] FE¥ HAiFe
= =rAIZIT olelst AJRAAA Y] AI7]E S5

i,
gl_‘
rl
o
o

2

X

>
i

_>|~l_‘

N

1o

M
e

>

A% FANNDE oAz FHI BAGl WA Ak o), oifzAn T4
AuAEe AGE st A lifoffE FA3H7] fekel ekl fod Fx A
A 3E WA,

Fig. 3 -5 Sensor

Table 3-5 Specification of sensor

contents specification
number of sensor 21 channel
spatial resolution 1.5mm (17.1°)
external diameter of sensor array 11.8mm
lift-off 1.4mm
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Table 3-6 Specification of coil

contents specification
Wire diameter and turns 0.1t, 80turns
Bobbin type coil outer diameter 12mm
Coil width & Number of layers 4mm, 2layers
Coil input current 100mA - 300mA
Coil input frequency (11(())1(1(1}5 -ingtgl;\fz)

E
]

U.)
O‘\
flo
>,
folr
i)
il
U
o
o,
2
[
)
o
v
ol
=}
v
o
e

A% V)5 /O tlnjo] X~

of oate] AFAAYstAAYN wRAMFFAAS Aoy AFAAHsAAL =
9 AT AHZEES] FEel &gttt Fsh wRFsHAS oAxFA L FE
gt 242k Sl ofste] HS53E AlS= Table 3-7°] WERdl wEgl 2Eo]
300HzS] 31th™d & 2 E(HPF, high pass filter)E &3] vlo]oj A A S & AASH &

WREES A 0dBE EETE ol Fol RMS FH =z olate] wial

%3] 2 (demodulator) S F3}o], YAz el 90°9 YAAE THA= AR B
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Exciting coil

Hall sensor

. Filter(HPF)
Filter(HPF)
AC Pciul.'er DC Power y Pre-amplifier
amplifier supply Pre-amplifier
T pio | Programmable gain
Frequency Programmable gain amplifier
generator amplifier
1 Demodulator
Root-mean-square Filter(LPF)
| DAQ Al
-
> DAQ Computer

Fig. 3 -6 Block diagram

Table 3-7 Specification of signal processing

specification
contents
Hall sensor coil sensor
Cut off frequency HPF - 300Hz
Amplifier gain 60dB, 20dB
Process circuit True RMS-to-DC, Demodulator/
Phasor

Collection @ chosun
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Fig. 3 -7 Experimental set-up

Table 3-8 Specification of scanner

contents specification
Scan speed 60mm/s
Scan resolution Imm
Resolution method Time base

Collection @ chosun
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A3d Agd7
1. AHAA B

Fig.3-8%} Fig.3-9% oAz Ll 10kHz, 200mAS] HAFE <l7tste] HAE AE
HAFig3-1)°l Adstdls o, Sduld Ao o8] {53 AATEE A
Hell whet vlmst Aot $5%2 AlA 9 Mld =, 45 E YehdH, 352
& AYE vebdoh #=5E 10% ID, 20% OD, TSP, 20% 4-FBH, 40% FBH, 60% FBH,
80% FBH, 100% FBHo] $]X|8tt}. A A2 o2, a2 (Av), 2] ol 3l 2] (Verr), 71
A (Vaaver), 7a A AN (Vowa), B UZHE3N A (AV]), A2 34 (|Veer]), 27}
H 3 A (Vaavor), 2 TH78 BAIA B A ([Voidl), 2 T AREF 2 ol 3l A (|AVEer|), E thxHE7FH
A (|AVGabor), 2 NAEE AN AN (AVDr) S & 11719 iAoz xdst A

= 4% nlaselth

Fig. 382 S34 HelZ @3 Asfolth. Fuxgl AAAE 247 A3 7
Mo AL, ¥ GORVE W g £08 TANNCR HAHAL o

ol A& & Addelld 2 WskE A FE ol A (Ve 7FH 312 (Vaabor)
o PRRTIA R AR A Y A71E A" oR AAS ¢ vk 2, A5
Fe A57E Ads] AAEA Zerh 2" mTeta, T sAo] Falels) A
of Wit g wdo] golge & F vk, BEFAAN (Vowa)= 7HH A
gl pejefefael mlete] By WetsiA A 5 9 FHE AANE 5 T 5

3], Ao E 494 A3 4709 HAF(FBH)7F 90° 7+ a2 = o} Tt
olE WatsHA AAMT e AF ASE ohdE A FAHAE WHeA ¢ ¢
Aae AAMEH A, B s2edAe TR Rl AARZAM= 53],

Zhtall A (av) 2 7 A AN A (Vpwa) ol 3580

Fig. 3-9% M=%t Fig3-8¢ A& HHE Fu= 1S Aot AA 7
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=% wke} o] AR H(AV)S AARLE] g0l 53] Mstske 3, CE

Ao oF Addelx & W3S AARY Folls A (Vien) 7HH A (Vaavo) 2 7F

ANMAZ AL Aol 7S AFAR oz AT 5= ) st A 3FA A3

(Vo 7Pei4 3 Felelaiale] metel uuk WasA Age K o

AN g vk #HSOo 2N A A9, 5 4700 BAZFBH)S Bt AA

2 4
@, AEE HAY 49, 29 ghe A2 Fol gt FHH A5 A

e 4 ol webd, AoEdo] urh Asd A% Ans AAT 5 v B
2k

29

Collection @ chosun

FAFNA e, AR (av)T )7 A 7 34 (V)



iSITY

o
w

"

CHOSUM U

AV

VErr

VGabor

Vbira

14V

| VEFT]

| VGab0r|

|V Dird|

|AVrrr]

S
3
3

~

2
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Fig. 3-8 Contour-type magnetic images (FBH, 10kHz, 200mA)
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Fig. 3 -9 Waterfall-type magnetic images (FBH, 10kHz, 200mA)
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—

Fig.3-102 o] #bsid o] 100mA, 10~90kHz®] w775 s, B A 3 (Fig3-1)

e 2ekaA S Axzd e Azisks yehdo #5352 72

w AR EdE= 900 91 Asmgkelth. &, Fig3-11e] WERd g R
Y

He HuA AKHoRE A Ao EA, AT EAAF W 9H],

X = Rcos(wt + @) @1

Y = Rsin(wt + @) (22)

Fig.3-10°14 X#kel #x5 ®d #59 3 WA 9 F i 33>
groove(#G_1)9} OD groove#G 2)5 A Alsttt. 18]a, Al HA (1) I 23S TSPE
AA Gt FaE7E Fobde] wet ID Aol oD FAgET Ao or A
AAIL AHE & F Utk ol B AT oste] FETL BEFE HH

FotA 1L, AoHow AlAolA 7h7ke ID AfelA of=E=
AR AdARl A7k F7hsh7] wiitolth. o dAde] AAFe AEk: F3t

Gk ARl weh A Aol w, AsAow A Aol AstHrt,

do

R=+X2+Y2 (23)

¢ =tan?! (—) — wt (24)

32

Collection @ chosun



03
02-|
3 o1
Z o
5 01-
2.0
< 02
20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420
Real Imaginary
20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420
Real Imaginary
02+
0.1+
LR
£ 01
<
021
0 20 4 60 8 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420
Real Imaginary
015+ 015+
01+ 01+
g 005 3 005
2 o 2
] £ o
S -005- s
Hest £ 005
015+ 01
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420
Real Imaginary
015+
0.1+
3 005
g o
Eoos
011
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420
Real Imaginary
015+ 015+
R o 01
3 oo0s-| 3
g £ 005-]
N H
005 o
20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420
Real Imaginary
015+ 015+
0.1
k]
2 oos
£ 0
<
005+
20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420
Real Imaginary
02 015+
e " s 01
§ o] 3
g £ 005-]
g 00s- g
< <
o o
20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420
Real Imaginary
02+
015+
3 o
2 005
<
o
20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420

Real

() 90kHz X

Collection @ chosun

Fig. 3-10 X and Y data by exciting coil
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Fig. 3-11 Lissajous diagram in the ID/OD groove and TSP with 100mA exciting current
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Fig. 3-12 Lissajous diagram in the FBH with 100mA exciting current
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(i) 90kHz

Fig. 3-15 Distribution of magnetic field (FBH, 100mA, AV)
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Fig. 3-16 Distribution of magnetic field (FBH, 100mA, Vptrq)
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Fig. 3-25 Lissajous diagram in the FBH with 20kHz 200mA
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Fig. 3 -30 Distribution of Vpta with 20kHz, 200mA
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Fig. 3-34 Inspection factors in the TW with 20kHz, 200mA
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Fig. 3-37 Estimate center position result in Hall sensor
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Fig. 3-38 Estimate center position result in coil sensor
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Fig. 3 -39 Data processing area for estimating the depth of damage in FBH specimen
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Fig. 3 -40 Relationship between the depth of damage and the sum of absolute in FBH
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Fig. 3 -41 Depth estimation result in FBH
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(c) C
Fig. 3 -42 Data processing area for estimating the depth of damage in TW specimen
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Fig. 3 -43 Relationship between the depth of damage and the sum of absolute in TW
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Fig. 3 -44 Depth estimation result in TW
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Fig. 3 -45 Data processing area for estimating the depth of damage in FW specimen
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Fig. 3-46 Depth estimation result in FW on Hall sensor
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Fig. 3 -48 Data processing area for estimating the depth of damage in Slit specimen
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Fig. 3 -49 Relationship between the Length of damage and the sum of absolute in Slit
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Fig. 3-50 Length estimation result in Slit
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Fig. 3-51 Relative depth and phase on all specimen
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