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ABSTRACT

Nondestructive Testing and Evaluation of Rod Cluster Control
Assembly by using the Encircling-type Magnetic Camera

Sim Sunbo

Adpvisor: Prof. Jinyi Lee, Ph.D.

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

The rod cluster control assembly (RCCA) in a nuclear reactor is a cluster of many control
rods, which is used to control the operation and fast emergency stop of the reactor. Each control
rod has a cladding tube rod with a diameter of 9-11 mm and thickness of 0.47-0.49 mm made
of stainless steel (STS304) cover a silver (Ag-80%)—indium(In-15%)—cadmium(Cd-5%) alloy
radiation absorber. An end blug is welded with the cladding tube; hence, the absorber is
isolated from the coolant. The RCCA is located in the reactor vessel is supported by 8 guide
cards. When the RCCA moves up/down in the reactor, it contacts with the guide cards cause of
the vibration due to the coolant flow in the reactor vessel and causes fretting wear in the
cladding tube. In addition, when the control rod assembly moves up/down or stop in the core
reactor, integranular stress corrosion cracking (IGSCC) due to neutron radiation can occur at
the weld of the end plug. If the control rod is damaged and breaked down, it can fall on the core,
obstruct, and damage to the stable operation of the nuclear reactor. Therefore, it’s necessary to
apply nondestructive testing methods to inspect the damages in early stage.

This study aims to develop an encricling magnetic field camera that can detect

circumferential cracking, fretting and sliding wear in control rods for the safe operation of a

viii
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nuclear reactor. Furthermore, quantitative evaluation of the damage size will be performed. The
system can inspect upto 24 control rods in 17x17 type RCCA at one scan by using 24 sensor
probes. Each sensor probe consists of 16 Hall sensor elements arrayed in circumferential
direction to detect damages by measuring the electromagnetic field distribution around the
damages. The electromagnetic field is produced by a bobbin coil that is placed outside of the
sensor array. The efficient of the proposed inspection system will be verified by testing
artificial damages with different shapes and sizes on real control rods of the 17x17 type RCCA.

The system operates at 15 kHz of an alternating current supply of the bobbin coil. The
experiments show that the system can inspect 10-mm width artificial circumference grooves
with a depth upto 10% of the cladding tube thickness (0.047 mm). And, 30% depth of artificial
tapered wear (0.14 mm) could be detected. For circumferential cracks, the system can detect
0.2-mm width, 40% depth (0.19 mm), and 90° angle-length in circumferential direction.

An automatic algorithm was proposed to automatically identify the shape of the defect.
This algorithm can automatically identify circumferential grooves, tapered wear, and
circumferential cracks and their angle. The width of the damages could be quantitatively
evaluated with 0.37 mm error (3.7%). The depth of the damages also evaluated with 5.8%,

5.98%, 17.96% errors for circumferential grooves, tapered wear and circumferential cracks.
er p

X
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Table 1 -1 Selling price development sources

A, HAH ME T LNG = LA
2010 39.70 60.88 184.65 147.36 165.43 -
2011 39.20 67.22 225.90 187.00 136.19 101.66
2012 39.61 66.34 253.04 210.11 180.96 118.66
2013 39.12 58.92 221.78 21531 170.92 121.67
2014 54.96 63.36 22133 1551.77 160.91 117.08
EXI ]

sd, 449 2

, 59 713 YAFZ(PWR, pressurized water reactor)= 1 4]
AA 2329 60% s 2SI itk PWRE WA oF AEAR ARt Bl A
TH0)E ARG, HEdo] 7hesh $-2h 23571 2~5% 5ol e AsEHeehE
& 8RR ARSI 23, A E) Ol =2 dEE Thel 2ok 30Tl =
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etk PWR Fig. 1-20 vrebdl mpel o] dxpz ol S71aA7|17F A& <tel
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715 w8etE AT o R FAET AR Sl Fo] Sl WAl s H
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Fig. 1 -2 Block diagram of pressurized water reactor[4]
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Table 1 -2 Characteristics of rod cluster control assemblies[9]
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Fig. 1 -4 Different types rod cluster control assembly
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Fig. 1 -5 Locations of damages on control rods[10]
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Fig. 1 -7 Multi-array pancake probes testing [14]
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Specimen No.| Defect Type Direction Length(mm) | Depthmm(%TW) | Remarks
2 0.05(10%)
Crack Like 35 0.10(21%) _
1 EDM Notch |Circumferential| 55 0.16(33%) SVZUIOT'Q}E“I‘(‘:' .
(Width : 0.2mm) 70 0.22(4696) cRess B
82 0.26(5496)
e
] | 86907 g ot OD 10.95mm,
2 ! Circumferential | 700+ OI3UP: | g Thickess: 0B
24.4(360°) 0.24(509)
0.28(60%)

14x14 Type YW A3

mot
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Fig. 1 -8 Crack signal of multi-pancake probes testing [14]
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VX(—VXA)) =—0VV—-0— (13)

4 (13) & A sk A (5)) dekdl vk 2o e G543 33
Aol el lakel 4 (163 o] 7rars] Fegch 4 (17), (18)°] e vkel e
Ao] A (Phason & ©] §-5hH, A dt A (133 (16 A (199 o] AT B
Aupggaos g

Vx(VxA)=Vv(V-4)-Vv4 (14)
V-A =0 (15)
1 1, 0A
VX(;VXA) __,L_lVA__O-VV O'E (16)
A(x,y,zt) = e A(x,y,2) (17)
iff(x y,z,t) = jw - e A(x,y,z) = jwA(x,y,z,t)
ot IV Z, ] Y ] Y Z, (18)
197 = jwod + oW
o = jwo. o (19)

Fig. 2-1 471 21 (19)ollA vebd A 2o glojx] dsdxAE st
deshet At E dERdTh = AR QIZBZARA 07 gl &
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o ShdFel ZIQlE AVIHME LA S A (2000 sl EAsIITE AdH o
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2
i
2
ol

Collection @ chosun



HEads AAd 4 glon, HFHoz aAHUr 9 x7)go] Aikd 4 9tk

A = Ady (20)
oV = —E = —] = —Jsdy 1)
'1{6<A aA) E)(E)A)}_, 4+
T oulor\r + or 0z \0z —Jwa oJs (22)
a,
%Aa‘r oVV=—0cE= —] = —]sam

Fig. 2 -1 The governing equations in cylindrical coordinates

BT A @)F fResddd dae] A 4 glov, B ATt B

f 84

Aol vebd vkl o] AEstE e ssiA T2 Tl ANSYS(Ver.11.0, EMAG) &

o] g-5te] sl 45telet.
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Fig. 2-2 3D element modeling in finite element method (ANSYS)

(a) Hole-type crack (b) Groove-type crack

Fig. 2 -3 3D modeling of a hole-type crack and a circumferential groove on a tube
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Table 2-1Z} Table 2-2+
7118 el oA RSVXE

T Aol 483

7 9%

-

¢

=°l it

A7) A & (electrical resistivity)=

=gt A

LHER T, 2]

AP A7 AFAL 72xX107Q-mOE 713t MURXSE B FA-&(y, relative
permeability) 241 EA ] FAE& u 9 IF] FAE po 942 HE YERdLh &2
TolA AREE AP HE, T W AAM = B A EE, S MURXE 1R
7195t
Table 2 -1 Properties of components using in ANSYS simulation (Hole-type crack)
Size Mesh size
Item Material Properties Ansys model
[mm] [mm]
) MURX 1.008
Specimen STS304 AAD®10 X t1 X120 0.2 SOLID117
RSVX 7.2E-7
Q154 X 102 X
L13
Coil Copper MURX 1 0.2 SOLID117
0.1 coils X 240 turns
0.18 A @ 15kHz
Sensing Area Air MURX 1 O11.6 X LI3 0.2 SOLID117
Crack Air MURX 1 02 X 03 3 SOLID117
Table 2 -2 Properties of components using in ANSYS simulation (Groove-type crack)
Mesh size
Item Material Properties Size [mm)] Ansys model
[mm]
) MURX 1.008 qH 010 X T1 X
Specimen STS304 0.2 SOLID117
RSVX 7.2E-7 L20
0154 X T0.2 X
L13
Coil Copper MURX 1 0.2 SOLID117
0.1 coils X 240 turns
0.18 A @ 15kHz
Sensing Area Air MURX 1 Q11.6 X LI3 0.2 SOLID117
Crack Air MURX 1 W2 X D0.4mm 3 SOLID117

Collection @ chosun

15



o WAttt AAlE A7)dE sASE Fig 2-5¢14 & F SEol e Fe] ¢l

7V AA dAsks A oF Aol A a7t Wskskal gl

—— - S T e vt 2 - o = ANSYS 12.0.1
- . = > = -— —— = - VECTOR
— o0 = 2 - —*o.| STEP=1
- . ST se—~Ti'd SUB =1
+._| FREQ=15000
~4 JT
— < -_| ELEM=95957
s — ~ MIN=150412
- MAX=557032
h 150412
195592
240772
285952
331132
376312
421492
466672
= 511852
e 4 557032

Bi00NEDN

Fig. 2 -4 Distribution of eddy current around a hole-type crack
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Fig. 2 -5 Distribution of radial component of magnetic field around a hole-type crack
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Fig. 2 -6 Distribution of eddy current around a cirumferential groove
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Fig. 2 -7 Distribution of radial component of magnetic field around a circumferential
groove
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Fig. 3 -1 Proposed inspection system
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Exciting Coil

Specimen

Magnetic sensor

Fig. 3 -4 Hall sensor array and an exciting bobbin coil

Exciting Coil

Induced current == ===

Specimen

Magnetic sensor

Fig. 3 -5 Induced current around a crack on a tube specimen

Fig. 3 -6 Hall Sensors on a flexible PCB
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Fig. 3 -7 Encircling Hall sensor array on a cylindrical probe

Fig. 3-8 HF S48 A7|zbdlet AAFE depdth A4 dl= F9e
(a~(e)ell YERH wis} Fro] F sy R-Fow FAETE AlA g A
EGel oste] AustA HEEHM, AZE FEAsIAY AFHA W A
s ste] AFZAFA gkl Bt A5 AE AlolES 10me] Ao
oln, ¢-#E AL FHE Agsle] B35 3o, 50PINCEAS 5070) A E
oJsto] Ao g3 2ol Addattt

Fig. 3-8 Complete encircling-type magnetic camera
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3-9o] YERH nlel o] wFIFHIZEL A RMS (root-mean-square) | EE
FAw ARSA wE, RS op A5 a7 2057 dAsel
) 9-F -2 E|(HPF, high pass filter)?} A t)<F}ZE|(LPE, low pass filter)E

AT A (24)~(26)> ZE IR ot Ak, SEH](ADS221), RMSe

o)t ARz 5E FAsks Aot
+v
T g =y : ______ : e |
Hall Sensor : : i AR S5 : RMS : Output
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- (1) ) 3)

1
Je = 2R (24)
49440
Gain =1 + R (25)
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1
Vrms = va(t)zdt (26)
0

Fig. 3-10& & A2
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Fate] AZbE ool

JE|(HPF, high pass filter),
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el B S 64x1E 2] AlA
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shole). webA, 172
NEE FAC ¥E AgE 5 ok

Top Bottom

Fig. 3-10 Signal processing circuit with 8 channels with filters, ampifiers and RMSs
Fig. 3-11% 1kHz® wFHFE 49

=4S Yepdth 40dBO A 9] F-

Aow Wetal glow, Ay ow A FrloA
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Fig. 3-11 Output voltage of a Hall sensor according to magnetic field and amplifier gain
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Fig. 3-13 Signal before and after high pass filtering
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Fig. 3 -18 Grouping of control rods for multiplexcing process
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Fig. 3 -19 Switching circuit
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Fig. 3-21 Block diagram of signal processing
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Fig. 3-22 Complete power generations and switching circuit module

33

{Z/Collection @ chosun



AALZ oI ES] 94td A7]7hvEle] 3847) AlA A %7} 10m o] 7% HE Z
4 Bz dAFHe el AZE FaE F, A 17Tme AFAES F

TGAYFo dgdnt. ol AF HAolM AHE Az E 8] 9

)
0
ofN

ZR2 Aent 22k SFHE Fig 3230 Uebd vpe)

il

=3
A AR AR S 6dB) FEUE A ARFE/Z o] Fol Ak,

Fig. 3-23 PCB of the 2"! amplifier circuit

34

Collection @ chosun



2. AHFH oA

2 Aol FFerdst dd nHAdgs g 9 4
g AD¥ S 91819 NI-DAQ (USB-6255)% #8331 th USB-6255(Table 3-1):
Ho 80Ad 16bite] ADWSo] 7}53ltl. Fig 3-242 Ab<esh 23 ZFE 3 9l QlE 3
o|AE WS T4 A AA AR dERdT

Table 3 -1 NI-DAQ USB-6255 specifications

Analog Input Analog Output
Analog Input
Channels 80 Analog Output Channels 2
Analog Input . . .
Resolution 16bit Analog Output Resolution 16bit
Maximum Voltage + 10V Maximum Voltage Range + 10V
Range
Minimum Voltage + 100mV Maximum Voltage Range + 5V
Range
Current Drive All SmA
Physical Specifications Digital /O
Length 266.7mm Bidirectoinal Channels 24
Width 170.9mm Maximum Clock Rate 1MHz
Height 44.5mm Logic Levels TTL

Fig. 3 -24 Main signal processing unit
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Fig4-13} Table 4-12 $vnjn s TA}

=2

Al

feieut

He /fas 9 AE Apxlo
974 9.68mm, F7 047mmel A|ojFe] 10mme FE X3, Z

0.05~0.33mm(10~70%)%1 33 Ashe WA 7lae] osle] =kt

L 750mm R
N N N >

No.6 No5 No4d4 No3 No2 No.l

e ——————
' ©9.68
®8.74
JOR20, 30 40
: No.l0IC 07K
Fig. 4 -1 Circumferenctial grooves on a control rod specimen
Table 4 -1 Sizes of the artificial circumferential grooves
N Width Depth %
o [mm] [mm] (from wall thickness)
1 10 0.33 70
2 10 0.28 60
3 10 0.23 50
4 10 0.18 40
5 10 0.12 25
6 10 0.05 10
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2. Ho|HHE wiE

Fig.4-29} Table 4-2%= Elo]H & vlR S TASE AJFHS] /jer 9 A& AL
olt}. Hlo]¥ & mlEe Zol: 5ommE 1St 3 HolH Mol Zo)
= 0.14, 023, 0.47mm, = 30, 50, 100%7} ¥ %= BA7136 0k No.d, 2, 33
Nod, 5, 6= WHT A3 ARE =F3517] flete] 543 43e 55 7ol

o} wWebA, No.1 9k Nods E5A7F w28 Aeolt),

L 950mm K
' >
No.6 No.5 No.4 No.3 No.2 No.l
& .
I ——————————— A ® 9.68
N ®8.74
\ Ry
L ZEO.IOI%OWK & 50 8y \(\O/
Fig. 4 -2 Tapered wears on a control rod specimen
Table 4 -2 Sizes of the artificial tapered wears
. %
No. L[engt]h \[lelff]‘ ][DIEII’;}]‘ (from wall
mm thickness)
1 4 50 0.47 100
2 3 50 0.23 50
3 2 50 0.14 30
4 4 50 0.47 100
5 3 50 0.23 50
6 2 50 0.14 30
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3. A5 44

Fig4-37} Table 4-3 A58 A4S TAS AJg#H /fer U AE Alxolt)
Agtol £ 02mmz 1G3FR O, ZIo]E 0.05~0.33mm, = 10~70%7} FHEF

WA 7bg ek th. $HH, Fig. 4-49) Table 4-4= Y73 o] Fi74
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2 e 7
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% a5 Utk Nods} Nost A3e] g1xe wpeh Axp71 4 o3 A5l
s E musty) 9% Yoz meshn:,
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I T I T T T T T >
No.7 No.6 No.5 No4 No.3 No.2 No.l
10 20 30 40
No.I0IC 07K W, 0 9.6
Ié X
>\ »8.74
Fig. 4 -3 Full circumferential cracks on a control rod specimen
Table 4 -3 Size of the artificial circumferential crack
N Width Depth %
o [mm] [mm] (from wall thickness)
1 0.2 0.33 70
2 0.2 0.28 60
3 0.2 0.23 50
4 0.2 0.18 40
5 0.2 0.14 30
6 0.2 0.09 20
7 0.2 0.05 10
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@ D @‘f« Pﬁ, "T%S'\ Dfao sto-
N No.4 No.3 No.2 No.1
"""7',, ®9.68
AN ®8.74

L

Fig. 4 -4 Partial circumferential crack on a control rod specimen

Table 4 -4 Size of the artificial crack (circumferential partial crack)

5

thickness)
I 152 0.2 180° 20
2 15.2 0.2 180° 40
3 3.8 0.2 45° 20
4 7.6 0.2 90° 40
5 7.6 0.2 90° 40
6 15.2 0.2 180° 40
7 22.8 0.2 270° 40
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Fig. 4 -5 Circumferential grooves signal and evaluation without weighting process
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Fig. 4 -10 Cirumferential grooves signal and evaluation after weighting process
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