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ABSTRACT

Nondestructive Testing and Evaluation of Moisture Separator &
Reheater Tube by Using Bobbin-type Magnetic Camera

Jisu kim

Adpvisor: Prof. Jinyi Lee, Ph.D.

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

This study analyzes the nondestructive testing and evaluation of moisture separator and
reheater (MSR) in the secondary system. The MSR is a heat transfer tube in a heat exchanger,
which increases the quality of steam used in a high-pressure turbine to reuse it in a low-pressure
turbine. As the MSR tube is made of ferromagnetic material (SS439), it shows high strength
under the conditions of high temperature and pressure. Nondestructive testing applying existing
eddy current inspection technology cannot be carried out on ferromagnetic tubes due to
electromagnetic characteristics such as high magnetic permeability and low conductivity.
Moreover, the shape of a fin installed at the external wall of this tube to increase heat transfer
area leads to leakage flux or distortion of eddy currents, thereby reducing fault detection
performance.

This paper proposes a method of signal processing and analysis, which detects faults in the
ferromagnetic MSR fin tubes electromagnetically to remove the distribution of eddy currents
distorted by external fins and extract valid fault information effectively.

Magnetic flux leakage testing (MFLT), eddy current testing (ECT) and combined ECT were
performed and evaluated by using a Bobbin-type magnetic camera to examine the MSR tube.

The test results indicate that stripes are repeatedly shown by the external fin in MFLT and that

X
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the S/N ratio increases due to the minimized number of stripes in ECT. However, signal strength
is higher in MFLT than that in ECT. The results obtained by conducting combined ECT applying
both MFLT and ECT verify that the number of stripes generated by the external fin is lower than
that in MFLT and that the S/N ratio increases due to stronger fault signals. For this reason,
combined ECT was applied in this study. In addition, the fault detection performance of this
method was validated by using a SS439 specimen in which artificial faults such as flat bottom

holes, slits, tapered wear, and grooves were added.

Collection @ chosun



ALFA E

AAEE A= Fig 1-10] Yebd wkel o] 14} AlEst 23k Als o=
ek 12k AlEel fAarzel] osto] gk dofqAje] osfo] e a19He]
WA F, 22 AT ERlE IAAA dEe A §, 2 AlE] &

2 A <€ 7] (MSR, moisture separator and reheater):= 1LFEIHIONA ALEH F7]9] 2

M
i

tlo

=01 ASFERIOA Al AREE 5= QU dlFe dAE s dudy] ddd

ol
Shuoluk wheba], MSR Fxel ool A F7lel el WAl sW Wi

1o

| "ol B3 Ewle] 24 wgol wAs) 14 0 2AFAe] o]

%o
o AAZ el = 20059 1€ 32 25 7] MSR FEH T4 wE dd#

i ol

AU 407 AREE YA A7 B8 H Aok ~ (5],

3, MSRO AFE-E &= SA-268-TP439(SS439) FH = A A FHZH 118 11
el Al Am= SFeteh 2ev, 4 Fel Fig 1-2, 3¢ v vk} 2 F7] A
9, A2, 7144 s 2D SEHFATE 52 AFE T ATl 4 = Sl ol

3 AL o] B @stt,

Collection @ chosun



Primary Secondary Circuit
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* S8 1o §5: 308 S8
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Generator:
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Fig. 1 -1 Main system of nuclear power plant

Fig. 1-2 Damaged MSR tubes
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Fig. 1 -4 Magnetic biased ECT probe
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Fig. 1 -5 Section view of MSR tube
(http://www.tubular.nssmc.com/product-services/specialty-tube/product/low-fin-tube-for-mois
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Fig. 2 -1 Principle of magnetic flux leakage testing

Collection @ chosun



(1)

Tl

-
M= x,

wrek, Aol glrhd AW WE e A%5UE (B Eq @) YeR vheh o),

)

kA Rk, Aol A=A AR AsHE(xy,) dAlel 715 E3E A5HE9
ool M3yl Y=g A Eq2)E tS Eq(B)CE 33 5 Q) o 7)o A

Are AR, Ace ARG ehar

3)
— AC —
= UoH + po(1 _A_)me
T

webx], Ashgel] wheh Eq @)oll e vke} 2o mipHow aAFe] xpolrt
LA 5w, 012 A7) 44 e 9stel ZA g

2t )

Collection @ chosun



2. UAE dAFHA

A7) vlgtg HAre] s S/ o dF BAH(ECT, eddy current testing)

o

s

:(ru

F7F 7bE FAzAS AHAA ] AA] fFEE $F ddFE AYAA E

A FEARI FURe) JHEaY wele TRoRs AL YA

g

Holtk, AAY =S olgste] FAtste, W H YA ZRust ugEol] U

% 9luhis]
22% ECTS] 992 vehie, 296 wHARFE ksl 94
SR FAWFOR GAF WA S, olu AYHe] FEAF

Atk ol FEAFe A, 7, 4%, a7l

LS SAst] S5 A, B, AFe 55 BUFsH16]

i Coil's

Caoil / magnetic field

Eddy current's
magnetic field

Eddy AN

currents >=

~=— Conductive
v material

Fig. 2 -2 Principles of eddy current testing
(R+EZA: http://www.ndt-kits.com)
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Kirchihoff?] <¢FHH el olahel At Aol dsfo] T 3|z A2
a8 Eq ()7 2ol 8= 5 Ik =, dl= Eq®)F Eq9)°l dste] mdw
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1 ®)
2
R*+ (a)L)
5= tan‘lw—L
= R )
Eddy Current @ €—— Ferromagnetic material

Defect
2™ magnetic field

AC Bobbin coil

Magnetic sensor

Fig. 2 -4 Eddy current distribution due to a crack on a pipe
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Fig. 2 -5 Construction of combined ECT
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Fig. 2 -6 Comparison of MFLT, ECT and combined ECT
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Fig. 2 -7 Different magnetic sources of histogram : (a) MFLT of histogram, (b) ECT of
histogram, (c) Combined ECT of histogram
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Fig. 2 -8 Compared MFLT to ECT and combined ECT of magnetic sources
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Fig. 2 -9 Specimen S#1
(First specimen)

Fig. 2-10 Normal data
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Fig. 2-12 Subtract back-data processing
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2. Detrend

Fig. 2-11 ¥ Fig. 2-129] A-¢ole A% JRe HdAd 9 ¢ dHolHe BE 5
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ol AAAF ok S T3t o] detrend AT A HE AAERIEHY s
B 8 nFIF FSE AASEA 9 dolE e AEdE athE wkgdEy] wiol
Fig. 2-12¢] vebA nfo} o] A ARE PeatA b, & dole e A
T Wt = gloh A, ol EH et ol wel A% Jro] yEido] At
4 9lt}. Fig. 2-142 No| 49] 73$-olt} Fig. 2-15%} Fig. 2-162 NS 83} 142 A3}
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Fig. 2-13 Principle of detrend data processing
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CHOSUM UNIVERSITY

Fig. 2-16 Detrend data processing result (N=14)
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3. FFT 34

F2] ol $K(Fourier transform)> Al 7ol st 45, s FASL v F

Fourier transform)< ©]Ab 3F2]of W3z}
e Foltt.

FT(w) = j fx)e 7% dx (17)

Fig.2-173} Fig2-18 FFTE ©|&3% tlolg A g #3st EFttojoj1q] 4 7}
Al e NSRS yerdth WA, 199 volHE FFT Mo =s, &
2 s g FarE FEsth A71A0 Gl dldets aTaeE Al
o} g Ay 9 grEQ X Hmo |AstE AFuS AsE AASC
WA Fue Ao AEE F LA Fig2-189 #HE AN AFt 5 s
Az 2 vo] §NHIZF AT AAR Fig2-19% FFT 14 232 vehd |
A2 A E A e dolHo s A AlsW ofyet HE FH9 uFug ATt
UEbRA AR 55 B sk=d olggol Alvh A, FFT a4 e 23 0.02Hz
o] AFu o8t 9 0.24Hz ©]e] nF TG o)) AlsE AbAlgE Ay, v 3
g3t A3 257t FEE 97194 FEFLS mmAlT BFEA, Z(seo)E AL
7] witel wi @2 FaeR AAEHAN A3 HE SHdANE & urt
ATt FFT a4 <3t Normal, X234 9 detrend 314 Ay} R 5ol A83 &

olvhs 54¢ b,
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Thresholding

Masking
Input data Modify
Time domain
Output IFET
data
Filter data Inversed FFT

Fig. 2-17 Block diagram of FFT data processing

FFT
%

S m-—-.‘.__......_.....i.hmm T

Modjfymask:n

T
IFFT TFL

Fig. 2-18 A sample of FFT data processing
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Input data (AV)
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Fig. 2-19 A sample of magnetic image with FFT data processing

23

Collection @ chosun

500



4.  Gabor Transform 3f|4]

7 WM EH(Gabor transform) AL FFFE TP AEETFF(H L E)E AFES
© Faleigolth ool AEgt AA Frreld 54 ¥R FEU))
98te] FalFE d5olth. A7) FFT 3l4le] AA dlolEle] tjst FFT 314 2 =
g Fopee] A7Ql whe] sk WS Eq (18) ~ (19)°] e sl ko] detrend
&} AR A& E = S5l FFT a4 9 54 3152 weighting 717 0]

.

(v @) = J_ fx)e T@D g mjox gy (18)
fx) =J_ J_ G(t,w)e 1% drdx (19)

3 o 2 Fig. 2-202 ¢ dlo]E]o] th3t FFT a4 A3 9 7b8 W Aus o
ERATE Fig. 2-20 (a)F € HolHEM 2 7HA] Fart AP AR BdE5A
© 2 Yehta 3tk Fig 2-20 (b= A7) @ dlolE] Aol gt FFT a4 A= 4,
A vlolele] gt A AE dERATE whEbA], 340~360mm 1ol A UrERE
A%E AZ ek 140~270mm Q1A YEhE aghs AZA A AEws F
At o R FEshe A2 Hla&Holrh wHhde] Fig. 2-20 (o) FFeol 718E

CERY Fue B4 Ade Al ¥
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(a) Original data

FFT
SE-1-

AE-1-

3E-1-

2E-1-

0E+0- T T T T T
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(b) FFT processing

Frequency (Hz)

== ] 1 I L I} 1 1 1 1 |
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Time (s) / Distance (mm)

(c) Gabor transform

Fig. 2-20 Principles of FFT and Gabor transform data processing

Fig. 2-21> KHHE xp7]7hdete] A Aol FFT 9 7P s 7S 283
A5 vEpdTh FFT A elA 53 2 sho] 4719 AghS AAlshs A7)
2ol 9= dolgelA Aol gl Gl EAsteE Tk AE7F ¢hds] Al
B2 gtth= Folth SHAIRE 7hH WM Bkel A= o]t 4712 AT AF ] Ato] A}
oo Sl F3F Aa 7t AAE
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Z= MO Sl

CHOSUN UNIVERSITY

Using
FFT

Setting:

Sampling freq: 1 Hz
Low freq: 0.05 Hz
High freq: 0.18 Hz

Using
Gabor Transform

ool w7kA dolel @YW, = AREEHA, detrend, FFT, 7FH W2 o=
5S4 71l 997k = o] ofdzh, Aol mel A Ao ede] Adeld
T A, 2 Aol dolHE 28 o), o] HiZHA Ve EAl€
g3t
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Fig. 2-22 Unmanned crack recognition algorithm 1
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2. AREZFH

F

Fig. 2-23& g9 9] 2N E vepdiny, d39 =7)7F S7heeluket

L oX

N

7hehE & Sk Ao A7 A9 AE Zolel Wt Peak-to-Peak %k
=o}Z T}, Fig. 2-23 (a)i= Detrend 3143t A1 &5 e 2, Fig. 2-23 (b)i= A3l
et A S E YEFATE Peak-to-peak®] Z7]i= 234 KU Detrend 34 oA o

& 2 dEbdh Fig 2-239] Aol =5 9lke] his A ol A A0
HlElge o] 2 A7 Al deagol ot ofyz dojgh Fo
I E GdFE W] wwolth. F Aol o) AAEs g AA 9y
g AL AT Fig. 2-249 o] Mk N2 Agstel Agdolel AAlwEe] 9
= T% %, Eq(22)% Eq (23)= °l&ste] 7 Age AAE Akeaia AAA A

& A=A o= nste] Bt

P= axVol+b (22)

(23)

(a)

(b)

mm
Scan dir.

Fig. 2 -23 Section view at crack center of defect in scan direction (Z-axis)
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(@) (b)

Fig. 2-24 3D surface view of a defect signal : (a) Gabor transform data processing
(b) Differential data processing
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Fig. 3-1<= A& el 2]3}o] Table 3-1°] J4F 9 Z7]1E 7IA& HA ¥ (FBH, flat
7hest y AlFEES uERdTh STS439 AA ] AlFH WH-
14.1mm, V& X33 217 19.1mmo] ™, HA7Eae] &gt Wd A =0l 1.3mm)
< Imm HASE 7hFElh JAF AT A 1.3, 2.5mmo|H, A2 HolE A9
3 FRFA din) AeZo)7F 10~100%=H AlHHL] 9o $x| gt} ek, 27

7do] 1.3mm*) A3 1807 o] Aol wix|s3AT .

tlo

bottom hole)

o
(]
§
0,
I+
[
=
(]
e
(98]
flo
Y

13 #4 #5 6 #7 #8 #9
!\AMAN\AAAMAAAAAMAAE'AAMA MMM N A#\AMMAMAA AMAMN\AAMN\J\AMAMMMAAAA

14,1

];

Fig. 3 -1 Specimen S#1 (STS439, FBH, cutting process)

Table 3-1 Physical characteristics and sizes of defect specimen S#1

o tEr
1 100 1.2 2.5 TWH
2 87 1.04 2.5 FBH
3 58 0.7 2.5 FBH
4 100 1.2 1.3 TWH
5 80 0.96 1.3 FBH
6 60 0.72 1.3 FBH
7 40 0.48 1.3 FBH
8 20 0.24 1.3 FBH
9 10 0.12 1.3 FBH
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Fig.3-2:= FBH, GrooveZd ¥ A|FH O 24 wWof o]3}o] Table 3-29] A4 4l
A71E 7HA = A3 EES =5tk STS410 A2 AJFH WAL 142mm, B
EFE 9] 19.2mmo] ™, HAbEe] gste] AR (B EO] Imm)s lmm M S
2 7hgeinh Qe AEe 97 13-4.8mmolv, F] FolE A9 FHFA o
H] Agrz]o]7} 19~100%2] H* F(FBH, flat bottom hole)=> A|¥H eJF-ZHE 7}
Tt th Tk #5v= A7 4.8mm, 0] 19%2 47019 FBHS 90% +A o2 7133}
St #62> %ol 3.2mmo]al, Zol7F 19%<%] o] 2FulE(OD groove)ol™, #7 =

1.6mme] 3, Z1o]7} 10%<] W™ 3 vl (ID groove) 4 3Ho|th.

TSP
1 #1 #2 #3 #4 #5 #6 #7
7 i

7~ 1] 1 T = T T =
™ ©
= =
= 8

] — =

N MV VYV VYV VVVV VIV VIV VIV VTV

500
Fig. 3-2 Specimen S#2 (STS410, FBH, rolling process)

Table 3-2 Physical characteristics and sizes of defect specimen S#2

c T ey e e
1 100 1.5 1.3 TWH
2 85 1.28 2 FBH
3 53 0.8 2.8 FBH
4 45 0.67 4.8 FBH
5 19 0.28 4.8 4-FBH 90°
6 19 0.28 32 OD Groove
7 10 0.12 1.6 ID Groove
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Fig.3-3 FBH, GrooveZd 3 Algdd o =24, wWeo] °]3}o] Table 3-39] P74 U

A

2718 7HE AFAEE S5k STSA0 AL WAL 140mm, NE LT

L

4L 19.5mmo] ™, AZz7lFel 95t WHEdA(FEo] 0.7mm)S Ilmm (FH 02 7}

lil

ottt A3 A 1.3~4.8mmolH, B FolE A I FHFA tin] 4

2

%
th #5% A7 4.8mm, Z°] 25%¢! 4719 FBHS 90% 7702 718ttt #es =
o] 3.2mme]al, Zol7} 21%<%0 o]l FFWE(OD groove)ol™, #7<= % 1.6mm°|il,
Z10]7} 10%<] ¥ $H&v}E(ID groove) 2 3Ho]th.

TSP
0.7 #1 #2 #3 #4 #5 6 #7
7 L WWWWWW MWA/\AAMM

vy R ¥
= =t

SHEES

1 — =
N NV VWV VYV VY VTV VWV VVVY

500

Fig. 3 -3 Specimen S#3 (STS410, FBH, cutting process)

Table 3-3 Physical characteristics and sizes of defect specimen S#3

oot T e
1 100 2 1.3 TWH
2 75 1.5 2 FBH
3 44 0.88 2.8 FBH
4 35 0.7 4.8 FBH
5 25 0.5 4.8 4-FBH 90
6 21 0.42 3.2 OD Groove
7 10 0.12 1.6 ID Groove
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Fig.3-4+= Tapered weard 3t A|FH O 2 T 2]5to] Table 3-49] A 2 A

L

78 T = Q3 AaTdS =985tk STS410 AZE el WAE 14.4mm, AS 3T

o
o,
rl
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:
o
=
i)
1
N
4
ok
2
1o
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2
i
2
,
)
=ity
o
é;
%
5
8
=
)
o
i
N
4

Ttk AFATE FHFORE 1.5 9o AAFE 7HA = BAFE wEE(TW, tapered
wear) M, #1~#4+ & 12.7mm, 2 0] 25~50%2] ol Ago|t}t, ok #5-#7+ 124,

10.6, 6.5mm, z1°] 18,12, 6%°|t}.

V1 #1 #2 #3 #4 #5 #6 #7
T ——AAAAAAANAAASANAAAANN AAAAAANADANAAAANNAAAAANAANAAASANAAANANANAAAA,
7 — — — — — — | e—
= =t
o <
SRS

500

Fig. 3 -4 Specimen S#4 (STS410, Tapered wear, cutting process)

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

e
1 6 0.1 6.5 Tapered wear
2 12 0.2 10.6 Tapered wear
3 18 0.3 12.4 Tapered wear
4 25 0.4 12.7 Tapered wear
5 37 0.6 12.7 Tapered wear
6 43 0.7 12.7 Tapered wear
7 50 0.8 12.7 Tapered wear
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Fig.3-5¢ Slitdsh AlgdA o=z x, Wartael 28k Table 3.52 37 U
M= e ATHS =9 sk3lT) STS410

19.4mmo] ™, H2p7kgol] oste] WA EC] 1.0mm)e 1mm A O R 7HE5}g]
th. F 03mm, o] 10mm% £33 JA¥xATS 717 dews
(#6~10) 0.2 7FF3FATh #1, #5, #10> Aol H, #2, #3, #4= AxolE AL 7
B5F7] iu] Aol 7t 33, 66, 80%<1 ol Aoty B, #6, #7, #3, #9+ AT
Z1 o7} 20, 20, 33, 80%<%) oA o). ol g AT wiX|e] &stH, #e¥ #7014 =

LT AATEE DA R, ALY MR AUEE gobd & gty gk, A%

o w9 dolol] Wi AAREL o5 PED & Yok
1
AAANS
< | 4+ # #2 # B # R # # #OUTHE T
2| T A S T B
500

Fig. 3 -5 Specimen S#5 (STS410, Slit, cutting process)
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Table 3-5 Physical characteristics and sizes of defect specimen S#5

Collection @ chosun

4 Dipth Depth Length Width Type
(%) (mm) (mm) (mm)
1 100 1.5 0.3 10 O-direction Slit
2 33 0.5 0.3 10 O-direction Slit
3 66 1 0.3 10 O-direction Slit
4 80 1.2 0.3 10 0-direction Slit
5 100 1.5 0.3 10 O-direction Slit
6 20 0.3 10 0.3 Z-direction Slit
7 20 03 10 03 Z-direction Slit
8 33 0.5 10 0.3 Z-direction Slit
9 80 1.2 10 0.3 Z-direction Slit
10 100 1.5 10 0.3 Z-direction Slit
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Fig. 3-10 Experimental result with different magnetic sources
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Fig. 3-11 Evaluation of crack volume: a) linear relationship between sum of absolute crack
area signal with crack volume at 900 Hz, b) estimation of ceack volume results at 900 Hz.
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Fig. 3-12 Experimental result with different current and frequency
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Fig. 3 -16 Distribution of magnetic field when TSP is Positioned around #1
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ol #AA Eq (31) ~ 33)o.® x¥ 7hsstth F5U3 Aol A A2 o]
ARFE Agdor Frhsls RS Fig 3-27 (b)oll WeERiQIh o8 #A=

Eq(34H= %3 & & 9t

bxVol

Sum= axe (31)
In(sum) — In(a)
Vol = b (32)
Vol = In(sum) — In(0.0115)
o= 1.0123 (33)
Vol = Sum — 0.0769
= 700048 34
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