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Abstract  The length of the EPR (European pressurized reactor) fuel rod is longer compared to the M310 fuel rod,
resulting in a decrease in frequency and an increase in amplitude compared to the M310 fuel rod. Under the influences of
the coolant, grid-to-rod fretting (GTRF) wear may be exacerbated, potentially leading to the leakage of radioactive
materials. Here, the EPR fuel rod is simplified as a 3D beam model, where the constraints of dimples and springs on the
fuel rod are treated as equivalent elastic constraints. Additionally, the fuel rod with a spacer grid is further simplified as a
multi-span continuous simply supported beam model. A finite element model of the EPR fuel rod based on ANSYS-

APDL is established, and the fundamental principles of wet mode analysis and vibration response analysis are explained.
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12 grid failure conditions have been sorted out, and the influences of grid failure on wet mode and vibration response
have been systematically studied. A method for analyzing the vibration characteristics of the EPR fuel rod using the
proper orthogonal decomposition (POD) method is proposed, targeting flow-induced vibration (FIV) of the EPR fuel rod.
The snapshot matrix is decomposed by POD method to generate the projection subspace, and the responses are projected
onto the subspace for model reduction. Finally, the response is reconstructed in the physical space. The results show that
the amplitude of vibration responses would increase at the location of grid failure; When the grid structure fails and
causes the EPR fuel rod model to become a cantilever beam configuration, the maximum response to turbulent excitation
is achieved; For the analysis of response, the first 2 orders POD reduced order model (ROM) can basically reconstruct the

response of the fuel rod. The research in this paper will help to the optimization and design of nuclear reactor

engineering.
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Fig.3 Schematic of a fuel rod constrained by grid EPR fuel



® 3 M

XG4 5L T POD 7771 EPR SRR HE VSR SR 407 663

22 GRESOSH

JRCE AT s ) 2543 E150 (R R i A2 BT (13
[E]#5 4 (fluid-structure interaction, FSI) &5 #). Xf T
FSI 4544, T IR A 453 Z 18 RS A 0N, B84y
Hr s n g . AR IM, WAL 7 M 25 8 1 AR 25 A
RN X T FST LAY, FLAZ 7R Al LS %

MsX +CsX + KsX = F(t) + Fo(t) =
(—MaX—CaX—KaX)+Fe(t) (11)

{1, Mg, Cs T Kg 53 /& 45 R R s 4 B o BH @ B
BRI B2 4 B s ML, €, RN K, 4 59 2 A0 65 440 B
(1) 5 B R B L BELJE B RN BE R R 5 F,(2) T Fo(0)
a3 A 538 B AH O RNE ) T R MR AR BLA; X )
ST (+) Fesnt v e =Rk S5

AR T I S 45 MR IR AR /N B R
A B Jam D91 5 R B o BELJE RT DL 20 A 2 R A B
JFCER TR, iR )RR Ak 50 55 R A )
JiE B o5 2 P 3 [ R 5 2R 40 e B ) A

EPR BREE N 2 RS RS, 122 RUSCHEH
T, G AR G (1 ST AR v, RIS AT A A
AT S [FIIN, 20 5 S R S (AT
BB BB s, RGN T R A KR IR 5), B
RGBT BT LA L AT HT, AR SCR
FH BRI R85 TH 55 58 00 BT AR 1R U B0 B R 1Pk
TR B I 5 B A T RN OB FE T K IR B B, AR 1R
SCLLE BEAE E Ty sUR LB 2

AR (11) 2D #3 2

M. X +C.X+K.X = F,(f) (12)

ﬁEP,MC :MS +Mm CC = Cs, KC :Ks.
AN RE B JE RN 1 H i 33, 3 (12) Al i
b

MX+K.X=0 (13)
%
X = g (14)
X, o HFEAHE, w WAL

$ 3 (14) ARNZ (13) RT3 2R AR S 73 BT )
iy e

(K-w’M)y =0 (15)

ASCK ] ANSYS-APDL XA BHE A T IR A A

o3
23 mIREARIR R S A

TR R i YA Rl e e 22 5 2 3
SRR (1 it AL e L. AR T 7 HE R LA 11
SR RVAU I 2 A, SR B 33 8 P R A i Y
Jil, &5 R D Al BRI 2K, SRR RS
BRI T .

AR SR (317, X5 T2 i BirBeats, £ x A&l
T AL AR 25 R i Ay

D2 1 0.5
ﬂwm%fwmmf xﬁ .
Peq )\ 0i

3+ 05

05/ 77e \ 52
2 ()

XFTER TR, A x Ak e A R e A
Y7 R e A

L

A (16)
|,

,oD2 1\%3
O'[Xi(x)]t:C(D)@(x)(p )(—) :

eq 0;
0.5
D 0.5
)

0.5
L
Ji

amn

2 (16) I (17) P B S50 2 2% SCHR [31].
b I R R AR R I R 1, WA

oi(x) = o [Xi(0)]' + o [Xi ()] (18)

X, oy(x) T e i RS I PR e i e RS
PR IE AL KA, AU A R 10% SR A4 %
P GAE &P, iREMRM IR 00 HEH
FEIRME oCx), 7571 50 x AL BRI AT Rs 0

172

L U(x) 3+0 2
(2 o

fOL ¢% (x)dx

N

o(x) = ZG?(X)+2 Z Bijoi(x)0 j(x) (19)

e STV
i=1,j-1

S, By AL FB ISR 2 ) B B 227N
T10%, 4 g;=0.5, 770 g =0.

3 POD HESERSR

3.1 EPR BARMEREBIRSD
A HT ANSYS-APDL HEAT IR, BAK}



664 i 2

Eitd 2024 5 56 &

P MR (R AR S 1, SLARTE 1 2O AR TR, I
SR O A T A DA 32 240 SRR 22 1 T 85 ] S R A
M, AE ] Beamd L CHUIAELE, i H] Combine40
FATCRMUBAEE L WY L5 ORI 22 TR SR R4 .

HI T A SCEE S H) EPR OB ) A6 58 04 2 45 1
T SRS PR PR R, DAL FOAR 2 2 ot HR L, B X-Z
P HIAN XY PO RS HE D, W 6 P,

6 DA T BATHE B AL EPR AR )
1 RS FEA SO A BT, BB Ik
16 I, A RBOTR R 1. T AR R, R
(K173 M 8 A 2T X-Y T

FERRRIRE (R B I RE v, B T 25 EE MR R 1 44
FHRFPEAN G5 R R L Ab, 3 1 1 5 A% 285 7 AT
YRR SRR T3 RIS, SF ) /NI, R A
R ] ) GTRF BEBORE N, Jeds Iy AR, #8K
PR DR B2 2 = A AR TR

ARSI AT TR RSO R R A 25 i UL 9
PR N K5, BAEASCH, YOI BRI 3 v

NODAL SOLUTION

SUB=1
FREQ=32.124 1
Uy (AVG)

RSYS=0

DMX = 1.287 21
SMN = —0.614E-03
SMX = 0.646E-03

MN MX
Y
Z*X
(a) X-Z “TTH AR
(a) Mode of X-Z plane
NODAL SOLUTION
STEP=1
SUB=2
FREQ =32.124 1
uy (AVG)
RSYS =0
DMX = 1.287 21
SMN =-1.224 36
SMX = 1.287 21
MX
N
Y
Z/LX
(b) X-Y “FHI A
(b) Mode of X-Y plane

6 JORHERRY 1 IS
Fig. 6 1th-order mode of fuel rod
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Table 1 Failure working conditions
Working condition Introduction

C.1 spring and dimple failure of grid 1
C2 spring and dimple failure of grid 2
C3 spring and dimple failure of grid 3
C4 spring and dimple failure of grid 4
C5 spring and dimple failure of grid 5
C.6 spring and dimple failure of grid 6
C.7 spring and dimple failure of grid 7
C8 spring and dimple failure of grid 8
C9 spring and dimple failure of grid 9
C.10 spring and dimple failure of grid 10
C.11 spring and dimple failure of grid 11
C.12 spring and dimple failure of grid 1 and grid 2

x2 RESY

Table 2 Mass parameter

Parameter Value/(kg-m™")
top end plug 1.384
gas chamber 0.215
fuel pellet 0.795
bottom end plug 1.052
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