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Adaptive flexible detection device for nuclear fuel assembly
and its error compensation method

Li Manhong' ,Zhou Wenlin' ,Wu Yu?,Chen Jiajie”, Wang Jingtian'

(1.School of Mechanical Engineering, Hebei University of Technology, Tianjin 300130, China;
2.China Nuclear Power Technology Research Institute, Shenzhen 518031, China)

Abstract: Regular high precision detection of the deformation and surface oxide film thickness of nuclear fuel assemblies has become an
important measure to ensure safe operation of nuclear power plant ( NPP). Aiming at the generally existed serious problems of poor
passive adaption performance, insufficient contact and measurement flexibility, and urgent improvement of detection accuracy and
efficiency of existing detection devices for nuclear fuel assembly, a passive adaptive flexible detection device for nuclear fuel assemblies
that combines deformation and film thickness high precision detection functions together is developed through designing the adaptive
aligning mechanism based on mutated hook joint, the active/passive flexible detection unit with dynamic feedback of contact force and
the high precision detection mechanism based on serial-parallel hybrid connection. On this basis, a measurement error compensation
method based on parameter dynamic integration is proposed through deeply analyzing the deformation and film thickness detection
mechanism of the device, based on the constructed serial-parallel hybrid connection closed-loop detection loop and integrating the
probabilistic sensing error cooperative compensation strategy. The prototype experiment results show the developed device can adaptively
align the nuclear fuel assembly under anisotropic random deformation, meet the requirements of flexible contact and flexible measurement
in detection process. Combining the proposed measurement error compensation method, the developed device can realize the high
precision detection of deformation and oxide film thickness of nuclear fuel assembly, effectively enhances the detection accuracy,
efficiency and safety of nuclear fuel assemblies.

Keywords : nuclear fuel assembly ;detection device ; compensation method ; deformation inspection;film thickness measurement

Weks H 81 :2019-06-04 Received Date :2019-06-04
* SEETH  E K E S LT (2017YFB1302504) %t B35 H



92 o & 2 R

F40E

0 3

T

LAV T | w280k 28 R AE B R RE S B A A R e &
RPERE A BRE B A SR L SRRk, (EREIR T
MYITR G EFEOR K ) T, R EZ RN AR A
JHEE TR P IA 4 463.6 T3 T 1, BRJEHHE LS 3 i, B
LR S BB A B3R IR, O B A R R Y 8
mm KI5 4 m B9LF ARAZARRE R SROTT, R T A T R
MR, KR 2 R TR AR IR IR A R %
ARSI ARG A HAE , LABCH P 1 7 43 A B R 2%
7 FE T B Ik VR T S B, (1 5 SR LA TR 5 2 T
B AR I A A R A Y
LAGEE . I, 8 T AL IR A P T 5 AL B R
R RGN 8 R F, 3 38 7 2 A ) T B, B SR
FE G oA 3 A ) 285 5y v LA T B L IR A
HRL A A6 ST 50 1) 7 2 S M A

ERT , FE ARG AR P T o 4 P TR A
ST T C USR5 R H] LVDT {488
T s 7y 2 R = SRR U T
LI A 8 B T G B0 ARG S AL R R
MR N5 T LVDT (LIRS BB AR AT
KALEE N W1 S T AR 4L B AR A8 TR 4 A 108 K
HEI s ARJUN 251 75 B2 AT 0 SRS ) i AR JEL B A 1
BYGCAIE T HAE 4 T 3 TH 9 5 00 450 7 A g
3 s SCHRL 1S ] 3 T30 R I JE B0, T 1) 4 2 IR E 24 T 5
FUESFRRIEE SR I DI £ — 5 02 G G s A g
Th T R AR 2R 3R T AR AR B ARG

SR, RO A R AR AR LA MK 0 A A 38 4% 1)
P NS TEEAR 8 00 25 1 1% PR T 2 A i 24
CETE S MRS, IUAT A AR L1 A T o S A I B 3 )
B 57 R AR AN R S L 1) R I LA B 3h i
REPERE AL, 3E LA [ 38 X T BEHLAS TR T B R 2
LR VR A T 5 T G A AR T X PP R I SR
B 24 265 S A B A MRS 38 0 45 T 5 2 ) 2 4 fh 52
PSR, [ AN 12 SR P Al 2 77 =X, {H
ARG A SR, LA B AR A
S FEAG IR 22 g WO 2 i, L e DL iz 3900 422 fk 7
AW, A T o RV TE 2 A B R 5 3) R IIDRS B2 S5 A 2
R AT, B AT AR X B = 5 80 DR 22 A ME AL 5
W, LABSOME LA 2001 6% 6 0 25 8 1 A 114 28 S5 15 22 ) R b
FURBE R T5 & I BEALIS 2% , 5] F52 BR TAL 55 Dh k43 o
6 2 5 ) A A5 A 00 28R AR A A T O
A1, DRI, L e TR ) 2 A B 2 TR PR K,
TF R 1838 0 2 PRI HE B, SRR 22 4 e sk A ) 12
ST RS B 2 B S AME N 5, B G0 e R L

Hey R T I RZEAME A AR BRI A, DA 2 4 4R
THZARBHA RIS B R 5 2 4, © 08 AT A
B AT R AR e DA ) S B TP

BN b AR )R, ARS8 i B 5] AR TR R R R
V149 19 2 IO T ALY | 5 Mk B0 S Wt ) 3/ B sl Rk
AN BTG AL T £ TR IR 1) v A L A I AL A, B B
H— AT 5 RS e R BE A D RE T — A RO R AR
PFB sl FUE DR PRI S . i RA TR B
IS DAL, T RS ) A TR P ERAS: 0 [, 5
] 7 MR A A AR R 22 DI IR] A B SR, 4R K T — MR T
SRS WM IR ZEAMETT I o B0 EAG I e
FHARFEAMERCR , FUHE B S P BT T &
2RI AT RO

1 #WHBENEERNEE

RLIRRRZE 130 i pl 50 AR e AR L AR B 4T
RLIRRMER SR AT L, 7R 32 Z2 78 SR D R 5 3 AL
VERT, TR 7 R OK GBS & 4 S AR S =) B B AL 28
T, ey 5 S o <2 4 A % A 0 25 4 T Ry
BOR . ZBRT AL RS ST AZ R R A L A
NSEE SR, A e T BE A 1 X e 4% 1) S PE BB AL AR TE
AR 5 D AZAROR AL [ A 1Y 5 28 0 5 5 1 Ja
P 5 ) e R 2B R LA SR i 5 M D
AE 5 48 TIROK G A RGN G5 A DR B8 24 R, A0 2 ' 5 TG
BRI B L D2 B R A I AILAL o A, AR SCHE TR
R BT LA G DN 2 " G T ATL A 5 0 B Y Rl 1,
Tob T T fifp ARSI 2 T 3 X SRR A AL A
FA) B R, BE B — R A I 5 R R R A
MR T — A B sh B & 0 BRIk S, B —
PTG IS B A DU 4R S 4G I 22 4

AR SCECTT B By 1 25 07 S P ARG T 2 K A 2 4 2 4]
1R, FEAHE AL T8 55 R v B A 3 X Hh i |
B-fali 42 ik o S 75 B ) /8 sl 2 PR ARG T R AR A C- 3
T ER IR I = R BEA AL

LVDTH &S} 2iTigs HREAR A EH#EE  ddi

,,,,,,,,,

|
I
I
|
|
I
I
|
|
I
I
|

,,,,,,,,,,,,,,,,

RESE  FAREHL BTAE  WXR EARRE  RRGRR
RIS & k)

Fig.1 Overall structure of the device
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Fig.2 4-DOF passive adaption principle of the device
IR P AP S X R A PR R R A N AR
HRFR T b A 19 0 LA 3R A B S AR A (53] I T )
MRS IC A, S SR MBHR ] (1 B W 5 TiC & Ah ot
540 SR [R) Al e 2l 5 % ) 3% gl 52 B0 v R Bl R
JERZHRRIR R » BT 1) % 3h S5 88 3, &l 2 (a) L (b) T

7o M S A S S22 R] A AR X 5% 3l 4 L XS rh e
FET U E LN 2 fih 77 1 7 LR, 52 B w1 i A2
TGRSO 01 56 8, Al 2 (e) Fron. [A 2R, A
N SZAR55 A7 ) B R 5 3y, T 0 v 8 748 it 4 5
y BT 1 B E O IEPERE , SN AR AR R AL T AL R R 1Y
2 B g, ik 2(d) s

Rl 2 i 3 B0 285 St 4 5/ 5 B0 2 A I+ )
A3 BT U X R A AR, AT A5 R LVDT %
S 1 B RS R, 255 T SR SR PR A, 7T S B
G A A7 SR ) i 5 08 o 5 ) P FG oA a8 R 4 T g A JR
o » BI85 M I B AR R A2 A S A A A ) 2 Ak A T
T SCBUHE S 0 T Sl 5 30 R R RS R
R DA TR A A DR I 1o 7 3 o S 5 00 S e ) AT
BRI R WP 3 Fr7s o Kl B e B 38 & B k4
PEFATR R IHG 3 DX v 3 A 5 05 A AR A ) 4 fih
Xib e L X F R 20 o R A I8 - G B 1 A
B A Z2A~ LVDT A2 I35 s v BHLJE i 1 5 4 0, T 52 B
X R S AZ AP AR 18] £ S 1k 42 Mk, O I 36 3 A S e Ak
TRAELGIRZS WP 3(a) Fr7R o i AR T IR Al itk 5 22
T RRINFER LN TR, HL 5 P9 e i AR I Al il — R 3l
i, BEAS A I 22 AT SR 5 UK S HILA S B ) 1 45 , 7 2E 25
AR AT R R T T ) A TR ) T 985 10 S
FRAE, S Bt A% e S T R AR s ] 119 S P Ak, an
P 3(b) B Ay i R e A e St 55 TR S 0 G i A s
TIESR R AL e 5 R R R el , ) 25
THAG 22 AT W RO Sl LS ] 1 1 ) A%l , 3 28 e it
T S-S AZ AR A 18] A 000 8 4 fk 7, O 308 3 S e e £t
R4 ) AR S LAG el 2 4, LA S BIAS: DM S 5 A A
] A A, A 3 () o

(b @

(c) =

= —r: = AV

0 o

U3 e g fih 5 SRk 0 o S
Fig.3 Flexible contact and flexible measurement

principle of the device



94 o & 2 R

F40E

DX 33 T A G B — i T 3 1k sl BB A Y A A i AL
A1 BT A ER I R T ML AR, A S
P T EET BIFRIK A SR AL, 5
KR fRoH PSS TN 11 O R 1 A5G A A A 00 5 A7 P
Ak - ORI S 1) 55 7 2807 65 P 181 3k - 5 ([
FESEUETAD) (A (AR XL 28 . 28 T it , Bt Hh i A I LAY
v 4 freos o K MALA 301 65 5§ 5 3 E U A
H 2 RIS I LA, 482 Hh SR AR S A 155 LVDT %%
Fo Rl B = AT T7 58, 56 T3 sh g o3 A7 , A pL AL A
TAZH LMERI T 4 e LVDT (2185 2 =0k v ik 55
R0 o T -5 [ A o TR (V) 0 AR RS 0 8 o B B — e
SR AGL I AL ALY 00 5 5% 2 X LA I TR) A, 22 1 A sl i -F 5
Z IR LIIE 4 A5RS LVDT WA Rl 89 SRR 75X,
e il — Y 4-SPS FRIRAG I AILAL , LT $2 7125 A I AL
ey AT JEE A5 AL 1 R ) ] Ak ) D HG S BE LVDT A% J%
15 SRS I A5 LE 2 £ BB I AL AR I & 5% 22 o 3 3 1 2
H3 LT e R TR ) ARG N0 AL AR A B — P B A 0[] %
A S8R T RZ R L AF A A

HAEH
K4 SR EHRIHRIKA YL
Fig.4 Serial-parallel hybrid connection detection

mechanism of the device
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Fig.5 Kinematic coordinate system of serial mechanism
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Fig.6  Structural parameters of parallel mechanism
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Fig.9 Experiment platform of the device
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Table 1 Main technical parameters of the device

BEH SR Bl
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Fig.10 Force state of the device in detection process
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Fig.12  Detection data of single point deformation
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Fig.13  Comparison of surface contour curves
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Fig.14 Comparison of surface contour detection errors
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5 & it

TE [6) 55 15 52 A A% PR 2 T A AR AL A1 v s A DU
R, AR SCRIHT T ) — R A8 5 1 s g R A 00 2
AET— M HORZRRLZH PR B3 A 3 0 SR PR ARG I O 4
H— M T SRR G I i R 22 AMEE D 5. il i B
WIS SRR AT AR AR 4518 .

1) Bl BT L ASET/E 5 FR e BChy H I8 I % o
HUAE) (Rl 4 fih 1 S 785 B A5t 18 3/ 4 20 P AG ) B e A
T ER IR ) v A EEAS U AILAG B X e e ke IR A
M AFAE B 5 TRDEE, T AT S8 B T A IR 1 O A DK 2
KRR S 2 42

2) AZARHEEL A R ARG 1 SC B AR 1 R IS T
LT 5 [ B ) A AR, 2 . BE TR Y A OFIR
0K PA A AGHIN ] 5, 388 3 R BB AL A L A 14 A XA A 3 5 08
SRATURA 90 At 19 A I D B2, vl G it e SR A 00 ke o T 37
B

3) FTSHENERA HRZEAMETE RO T 58
S E IR IRIRALAG AT K ] A7 AR5 29O &, il i
LA DI R A ME A AT RS2 5 22, 206 A L AG M) 6 v T
5 18] 5 R TR ) 44 X 6 8, DA SR A 22 DR 2 B A AL
PRIAT BT e T A A R 22 S5 I AL ) 2% S e 1 25

4) B EREPLIN K S g 45 R W], W RS H i
DX A o) S PR B AL AZ TR R B AR AOREZEL 0, il A 0 2ot
Y SR R R 5 S ) O, TRC 5 2 A U 3% 22
HMETT I, TSI RS T8 R S A RIS 2 1) e b
FEREI
Sk
[1] OMRI A, MABROUK N B, SASSI-TMAR A. Modeling

the causal linkages between nuclear energy, renewable
energy and economic growth in developed and developing
countries [ J ]. Renewable & Sustainable Energy
Reviews, 2015, 42:1012-1022.

[ 27 JENKINS J, ZHOU Z. The benefits of nuclear flexibility
in power system operations with renewable energy [ J].
Applied Energy, 2018, 222, 872-884.

[ 3] FORSBERG. Commentary: nuclear energy for economic
variable electricity: replacing the role of fossil fuels [ J].
Nuclear Technology, 2019, 205(3) ; 3-4.

[ 4] HALABUK D. Thermomechanical assessment of fuel rod

cladding made of zirconium alloy and silicon carbide



100

e % =

iz F40%

(5]

[6]

(7]

[8]

(9]

[10]

[11]

material during reactivity-initiated accident [ J]. Nuclear
Science & FEngineering the Journal of the American
Nuclear Society, 2018, 189(1): 1-12.
GALLAIS L, BURLA R, MARTIN F, et al. An
experimental platform for real-time measurement of the
deformation of nuclear fuel rod claddings submitted to
thermal transients [ J]. Review of Scientific Instruments,
2018, 89(1) : 1-10.

WASEEM, ELAHI N, MURTAZA G, et al. Structural
integrity —assessment and stress measurement of
CHASNUPP-1 fuel assembly [ J]. Nuclear Engineering
and Design, 2014, 130-136.

TRIk, TAH, WA, 45 BT COMSOL A FRITik A
A RE T E )] P TR =, 2015, 33(12):
1097-1104.

XU L, WANG H, HAUNG ZH, et al. Simulation of eddy
current sensor based on COMSOL finite element
method [J]. Journal of Mechanical Engineering, 2015,
33(12) . 1097-1104.

MONTGOMERY R, LIU W, ALANKAR A, et al. Use of
multiscale zirconium alloy deformation models in nuclear
fuel behavior analysis [ J]. Journal of Computational
Physics, 2017, 328(C) : 278-300.

skoRAe, Ry, THE, AR R I I AR 0 A B N HLAE
RUBPRHBRBE U BT L ] AR SR 2441, 2018,
39(10) . 134-141.

ZHANG R H, YE S, MA M, et al. Eddy current phase
gradient and its application in identification of conductive
material defects [ J ]. Chinese Journal of Scientific
Instrument, 2018, 39(10) . 134-141.

PRLHT, MR, SCEF, S5, Tk U JC A Il v
B AL B AR BF 5T [ ] A% AL 3 2 4, 2018,
39(11) . 70-78.

LIANG Y Y, YANG SH SH, WEN X, et al. Research on

the quantification of defect in the nondestructive testing of

pulse eddy current [ J]. Chinese Journal of Scientific
Instrument, 2018, 39(11) . 70-78.

LEE K, HAO B. Multi-parameter eddy-current sensor
simultaneous
[J]. IEEE

Transactions on Industrial Informatics, 2019, 15(3):

design for conductivity estimation and

distance and thickness measurements

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

1647-1657.

R, B A, AT bk e i 0 A8 T i S G
SRR, a5, 2019, 33(2)
80-87.

XU ZH Y, XIAO Q. Outside inspection and quantitative
evaluation of pipe defects based on pulsed remote field
eddy currents [ J]. Journal of Electronic Measurement
and Instrument, 2019, 33(2) . 80-87.

MRaaZs, PN RA, SERRE, S5 ARRRH AR TR A
PBLES AWFFE [T]. Hlas NH AR 5, 2018 (6):
40-42.

CHEN J J, SUN F X, DONG CH Q, et al. Research on
nuclear fuel assembly deformation detection robot [ J].
Robot Technique and Application, 2018(6) ; 40-42.
ARJUN V, SASI B, RAO B P C, et al. Optimization of
pulsed eddy current probe for detection of sub-surface
defects in stainless steel plates [ J ]. Sensors and
Actuators A Physical, 2015, 226. 69-75.
YOSHIMURA W, TANAKA R, SASAVAMA T, et al.
Detection of slit defects on backside of steel plate using
[ J]. IEEE
Transactions on Magnetics, 2018, 54(11) ; 6202505.
e, A, BEESE, 4F. 3-RPS JFIRHLAGIE Bl A bR E
Ik wr s (1] AR AR = 4R, 2012, 33(3):
568-574.

low-frequency  eddy-current  testing

GAOF, LI'Y, HUANG Y M, et al. Study on kinematic
calibration method of 3-RPS parallel mechanism [ J].
Chinese Journal of Scientific Instrument, 2012, 33(3) .
568-574.

WANG Y, PEI X. Fast forward kinematics algorithm for
real-time and high-precision control of the 3-RPS parallel
mechanism [ J]. Frontiers of Mechanical Engineering,
2018, 13(3) : 368-375.

PINSKIER J, SHIRINZADEH B. Development of a 4-
DOF haptic micromanipulator utilizing a hybrid parallel-
serial flexure mechanism [ J]. Mechatronics, 2018, 50;
55-68.

WESE, AT, i), & —FERS E Hiz g
FRAHAL 3TIR JFHEHRAE T 2-(RPa3R) 3R it &
Hizgh2=[T]. HLM T RR2EH, 2019, 55(5) : 53-64.
SHEN H P, XU K, YANG T L, et al. New 3TIR



5 8 1]

101

parallel manipulator 2-( RPa3R) 3R with zero coupling

degree  and  partial  decoupling:  design  and
kinematics [J]. Journal of Mechanical Engineering,
2019, 55(5) ; 53-64.
[20] PINSKIER J, SHIRINZADEH B, CLARK L, et al.
Development of a 4-DOF haptic micromanipulator utilizing
a hybrid parallel-serial flexure mechanism [ J .
Mechatronics, 2018, 50: 55-68.
EE BN
R, 5 0FE 2010 4EF 2015 AR T
b Talb K 2=k 2= L 2E o A 2207, 3R
TATAE Tl K= YEIE , TR 587 1) Ry 4% L
WALEF NS5 BHLER A

! E-mail ;: Imh9181219@ 163.com

Li Manhong received his B. Sc. and Ph. D. degrees both from
Hebei University of Technology in 2010 and 2015, respectively.
Now, he is a lecturer in Hebei University of Technology. His
main research interest includes nuclear power detection robots and
hexapod robots.

RECGEAFIEH) 2006 4T 1322 1
R in, O T BT Be A BR 2
Al TR, FEWFFETT O R AL g A

i-h
2 E-mail ; wuyu@ cgnpe.com.cn

Wu Yu ( corresponding author) received his B. Sc. degree

from Shanghai Jiaotong University in 2006; now, he is a senior
engineer in China Nuclear Power Technology Research Institute.

His main research interest includes special robot technology.



