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SUMMARY

The spacer grid is one of the main structural components in the fuel assembly, which
supports the fuel rods, guides cooling water, and protects the system from an external impact
load, such as earthquakes. Therefore, the mechanical and structural properties of the spacer
grids must be extensively examined while designing it. In this report, free fall type shock tests
on the several kinds of the specimens of the spacer grids were also carried out in order to
compare the results among the candidate grids. A free fall carriage on the specimen
accomplishes the test. In addition to this, a finite element method for predicting the critical
impact strength of the spacer grids is described. FE method on the buckling behavior of the
spacer grids are performed for a various array of sizes of the grids considering that the spacer
grid is an assembled structure with thin-walled plates and imposing proper boundary conditions
by nonlinear dynamic impact analysis using ABAQUS/explicit code. The simulated results also
similarly predicted the local buckling phenomena and were found to give good correspondence

with the shock test results.
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3 2.1 Geometry of 4 kinds of the 3x3 cell grid specimens

Classification | Thickness (mm) | Height (mm) Cell Size (mm) | Width (mm)

KOFA Type 0.6 53.0 12.8 384
Doublet Type 0.3x2 35.0 12.8 38.4
Swirl Type 0.6 39.0 12.8 38.4

H Type 0.6 35.0 12.8 38.4
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1% 2.6 FRF data of KOFA type 3x3 cell grid (No. 1) by free fall test
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KOFA Grid (3x3 cell)
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1% 2.7 FRF data of KOFA type 3x3 cell grid (No. 2) by free fall test
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KOFA Grid (3x3 cell)
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1% 2.8 FRF data of KOFA type 3x3 cell grid (No. 3) by free fall test
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KOFA Grid (3x3 cell)
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1% 2.9 FRF data of KOFA type 3x3 cell grid (No. 4) by free fall test
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KOFA Type Grid(3x3 cell)
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1% 2.10 Impact test results of KOFA type 3x3 cell grid
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1% 2.11 Configuration of Doublet type 3x3 cell grid
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1% 2.12 FRF data of Doublet type 3x3 cell grid (No. 1) by free fall test
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Impact Force (N)
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% 2.13 FRF data of Doublet type 3x3 cell grid (No. 2) by free fall test
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Doublet Grid (3x3 celi)
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13 2.14 FRF data of Doublet type 3x3 cell grid (No. 3) by free fall test
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Doublet Grid (3x3 cell)
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2% 2.15 Impact test results of Doublet type 3x3 cell grid
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1% 2.16 Configuration of Swirl type 3x3 cell grid
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Swirl Grid (3x3 cell)
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Z1% 2.17 FRF data of Swirl type 3x3 cell grid (No. 1) by free fall test
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Swirl Grid (3x3 cell)
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13 2.18 FRF data of Swirl type 3x3 cell grid (No. 2) by free fall test
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1% 2.19 FRF data of Swirl type 3x3 cell grid (No. 3) by free fall test
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Swirl Grid (3x3 cell)
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1% 2.20 FRF data of Swirl type 3x3 cell grid (No. 4) by free fall test
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2% 221 Impact test results of Swirl type 3x3 cell grid
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1% 223 FRF data of H type 3x3 cell grid (No. 1) by free fall test
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H Grid (3x3 cell)
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1% 2.24 FRF data of H type 3x3 cell grid (No. 2) by free fall test
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2% 225 FRF data of H type 3x3 cell grid (No. 3) by free fall test
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1% 2.26 FRF data of H type 3x3 cell grid (No. 4) by free fall test
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1% 2.27 Impact test results of H type 3x3 cell grid

-36 -



2. 5x5 & AL AlH
5x5 A ARFF AlHL 2 7|8 Fgo] AR TE Y 71X e

ABg FA 0.457 mo] AN2Z2o] o FH(forming)std AxtD FES
TED ol5E MR AFYEF 7L F oS A% UFolrMe drne
Rt FAL 0.664 mo] Ho FHUE AASYT. oS R Fste A
1= ]

B9} 9% EAE A2 PAE dolA A% A=HAY. oL 2
Jeretd g4 294S GAy] A MY 34U AV ALat]
NE F2 R A5E AW AL Asgon, 7 AWs slsuA
dolEE B 2.20] aokstaich. A4d delH #7E A8l ¥ 7 5x5 A
AQT7E AW GhE FAANDES BAGATE A FOlHE FiMtoolsE Fahe]

24e sar,

‘3£ 2.2 Geometry of 4 kinds of the 5x5 cell grid specimens

Classification | Thickness (mm) | Height (mm) Cell Size (mm) | Width (mm)
Swirl Type 0.457 39.0 12.8 64.0
H Type 0.457 35.0 12.8 64.0
Dipper Type 0.457 41.6 12.8 64.0
Multi-spring '

0.457 48.7 12.8 64.0
Type

o 2.28% 2L IJAFETY AA AHY BE, FEAANY FAATL
FzZol LAY AZARAE 6 msecol™, FHZFol T oF= FAAT
zZo] BAs7] A 6 msec BT} Aojzlt}. HFo] FAIL Ao zHyst
FolE 203.2 mmollA 234.95 mmollew, o]RE& 2A(2.3)& ALt AAME
ZANHY S5 °F 0.4 m/secolAtt. FAH W= 3470 N ~ 6916
Nola, ZZA7}EEE 13.9 g (136.3 m/sec®) ~ 27.2 g (266.8 m/sec?) 2
HAE Ve, A gexe F2E 2 FHAVNEEE Y 2.29904
¥ 2.3200 JeEidE. 28 2.330= o5& Z+ AlHel uig AHfdst
Fololx Z+ ANHe 48 2 FANSEE o3l JEIAY. 38 2
ZANEEE ZF A9 wet 2 Zol7t st o] E 47 AW g dHolHE
2t FFste dA £238 2 94 SE7MEEE AR

a9 2.345 2L HE ARA AW B, FHAY FAANRE F2o]
BAst7] AAAE 8 msecol™, FHFo] WAF olFE KA ol

A7) A 8 meec BT Polzlth HFol WA AP Afue} Eolx

-37-



203.2 mmoll A 215.9 mmo| o™, o]AS 2]1(2.3)F AH&3tA ALHS =AAH
SEs % 0.4 m/secolAT. FFHHY W= 2340 N ~ 3271 NoJQwz,
ZANEEE 9.6 g (94.2 m/sec?) ~ 13.5 g (132.4 m/sec®) 9o HY=
el AT, Akd oMol 48 2 FAVNESEESE ¥ 2.35004 129
2.389] e, 2™ 2.390]& OolES 7 AlHd tigk 2{4Et FoloA
Zt AN#Hel 2438 2 FAVNEEE 8993t Yty 72" o
FANEEE 7 Alfel weEr 2 Aol7t At o] 47l Ao Uld HolHE
e Fdtd 94 248 2 A TEAVSEE A4

a3 2,403 Ze ¥R AzpA] AJHY A9, FAA Y FAAL
zFo] WAy AVAE 6 msecols, ZFE o) %@{ o]F = H-AA| 7t
zHgo] HAsy] A9 6 msec BT} 71 7 msec ©]Fold E’r 3ol %ﬁ&

Ao Hd ZAFHst wole 0.0762 molom, o
A 2AAHY =& 9F 0.0.33 m/secol ATt F=ZHF 9 *”Hc 3051 N ~
7606 Noli, ZA/IEEE 12.6 g (123.6 m/sec?) ~ 30.4 g (298.2 m/sec?)
o] HHE JERAAT. Az Gelx e F48 D FANEEE O 2.41004
23 2.44° JERRAT. 28 2.4590€ olES A4 AlEd Uig X}T"r‘-)r'?s}

wololA Z+ AlHe] TAY H FAVNESEE gosted YeRNT. $48 2
Tﬁﬂ Tt 7 A" mel a2 Apolrt Asted o]F 47) Al gk rﬂola%
Atg Fastd 94 £248 2 A FANSEEE AA A

a8 2,463 e ©F2IZIY AAA AHY AP, FAAY
FANZL FHFo] TSI AT 7 msecold, FHFo] WA o)F:=
FA A gkl FFo] LAl A 7 msec ET 2 8 msec ©|ATh. FHFo|
dAF AF FF ARHE ol 0.073025 moler, oRE A(2.3)&
g3t AN SAARS £EE 9 0.33 m/secoldth. FAE WMYE
3474 N ~ 6402 No|QXL, $AIEEE 14.0 g (137.3 m/sec®) ~ 25.8 g (253.1
m/sec’) o WHAE YERIAT. ARG RoNAM F24E H FTANEEE 1Y
2.47°04 2" 2.5091 JERIAE. 2F 2.5l o2 A Al o3t
sl goldlM zZF A S4F % FHVIEEE Q4std UEhdc
=48 2 FA7MEET 74 Adel wek o Aolzh Adtd olg 47f AW
& solHE e st 4A S48 R 9A TSRS 28

a2y 2520 AXNFAA S FANGLEREH 2 VISR AsE

% eIAEE AIT 4xs AERd A3 Apgd Gy g
#Z(velocity profile)olt}t. o] RolA FZA AU 0.01x04 =27
A
@

ih)

Z3

_4

Zeo] A FAEE 0.47 m/secE YERIL, T4 dnirt F2Ed F4&
o]FdE £x7t 002 Fadte WS YRR Y. X0l 29

-138 -



=]

X7

A9 g 7t

==
3

-39.



64.67

=

64.67

350 _

1% 228 Configuration of Swirl type 5x5 cell grid
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1% 229 FRF data of Swirl type 5x5 cell grid (No. 1) by free fall test
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Swirl Grid (5x5 cell)
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% 2.30 FRF data of Swirl type 5x5 cell grid (No. 2) by free fall test
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Swirl Grid (5x5 cell)
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1% 231 FRF data of Swirl type 5x5 cell grid (No. 3) by free fall test
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Swirl Grid (5x5 cell)
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1% 2.32 FRF data of Swirl type 5x5 cell grid (No. 4) by free fall test
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Swirl Grid (5x5 cell)

4000 ;
=
= g B
=" 3000 T - -
[0}
e
&)
L
§2000' L . - ¢~ No.2 §
IS an’ --A - No.3
- ~--No.4
Ave.
1000 " s " 1 N t N
40 50 60 70 80
Drop Height (mm)}
(a) impact force
i5 Swirl Grid (5x5 cell)
~igee e
C Fm,
c L N
g .
“'{6 iy
P
o
[0] Py
3 - No.1
- -~ No.
i 5r - C- No2}l
® -8 - No3
e -9 -No4
- —O— Ave.
0 L 1 N t N 1 L
40 50 60 70 80

Drop Height (mm)

(b) impact acceleration

1% 2.33 Impact test results of Swirl type 5x5 cell grid
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1% 2.35 FRF data of H type 5x5 cell grid (No. 1) by free fall test
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1% 2.36 FRF data of H type 5x5 cell grid (No. 2) by free fall test
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1% 237 FRF data of H type 5x5 cell grid (No. 3) by free fall test
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H Grid (5x5 cell)
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3.3 2.38 FRF data of H type 5x5 cell grid (No. 4) by free fall test
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Impact Force (N)
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H Grid (5x5 celi)
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18 2.39 Impact test results of H type 5x5 cell grid

-51-



64.67

®

)

)

(
0

LD

)

)

2

%

N

>V
),

9

12,80

LN
h—

>§?

%

LN

Q

1247

Yo
S ANy

00 O 0 |

R VT ZooN

6506 .

1% 2.40 Configuration of Dipper type 5x5 cell grid
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Impact Force (N)

Impad Acceleration (g)

13 2.41 FRF data of Dipper type 5x5 cell grid (No. 1) by free fall test
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Dipper Grid (5x5 cell)
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(b) impact acceleration

1% 2.42 FRF data of Dipper type 5x5 cell grid (No. 2) by free fall test
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Dipper Grid (5x5 cell)
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1% 2.43 FRF data of Dipper type 5x5 cell grid (No. 3) by free fall test
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Impact Force (N)

Dipper Grid (3x3 cell)

5000 T
No.4
. 1st
4000 : .- 2nd H
3rd
-~ -4th
3000 - ---5th |7
2000 ]
1000 -
0 —— -
1 i
0.00 0.02 0.03 0.04
Time (sec)
(a) impact force
Dipper Grid (5x5 celi)
20 T T T T T T
S No.4
s .| f' -
p - - - N
g °r i . 3rd
G i —ocam |
g g-ﬂl :,,“ - - 5th
g 10} IR .
5 A
[NEAR I R
© N 1
Q. LR
E 5L L4 1S .
- ! o
Y 1
1
0 ) "
0.00 0.01 0.02 0.03 0.04
Time (sec)

(b) impact acceleration

2% 2.44 FRF data of Dipper type 5x5 cell grid (No. 4) by free fall test

- 56 -



Dipper Grid (5x5 cell)
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1% 2.45 Impact test results of Dipper type 5x5 cell grid
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% 246 Configuration of Multi-spring type 5x5 cell grid
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Multi-spring Grid (5x5 cell)
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1.7 2.47 FRF data of Multi-spring type 5x5 cell grid (No. 1) by free fall test
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Multi-spring Grid (5x5 cell
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1% 2.48 FRF data of Multi-spring type 5x5 cell grid (No. 2) by free fall test

- 60 -



Multi-spring Grid (5x5 cell)
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(b) impact acceleration

1% 2.49 FRF data of Multi-spring type 5x5 cell grid (No. 3) by free fall test
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2% 2.50 FRF data of Multi-spring type 5x5 cell grid (No. 4) by free fall test
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Multi-spring Grid (5x5 cell)
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% 2.51 Impact test results of Multi-spring type 5x5 cell grid

- 63 -



0.2

0.1

-0.1

~-0.2

Test FRF 19 (0 7?7 - 3 UX)

~—FRF 18

% 252

0.04
Time

-64 -

0.06

0.08

Impact velocity profile during impact test

0.1



3. 0 2 NXNAXHL =2

It 3x3 & XIXAXHH
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(b) No.2 specimen

AFZl 2.1 Impact buckling mode shape of KOFA type 3x3 cell grid
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(c) No.3 specimen

AFzZl 2.1 Impact buckling mode shape of KOFA type 3x3 cell grid(continued)
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(b) No.2 specimen

AFZl 2.2 Impact buckling mode shape of Doublet type 3x3 cell grid
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(c) No.3 specimen

Azl 2.2 Impact buckling mode shape of Doublet type 3x3 cell grid(continued)
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2]

23

{b) No.2 specimen

Impact buckling mode shape of Swirl type 3x3 cell grid
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{c) No.3 specimen

AFZl 2.3 Impact buckling mode shape of Swirl type 3x3 cell grid(continued)
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(b) No.2 specimen

A}zl 2.4 Impact buckling mode shape of H type 3x3 cell grid
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(c) No.3 specimen

AFZl 2.4 Impact buckling mode shape of H type 3x3 cell grid(continued)
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(b) No. 2 specimen

ARzl 2.5  Impact buckling mode shape of Swirl type 5x5 cell grid
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(c) No. 3 specimen

A}Z 2.5 Impact buckling mode shape of Swirl type 5x5 cell grid(continued)

-75-



(b) No. 2 specimen

ARl 2.6  Impact buckling mode shape of H type 5x5 cell grid
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(c) No. 3 specimen

AFZl 2.6 Impact buckling mode shape of H type 5x5 cell grid(continued)

77 -



2.7

(b) No.2 specimen

Impact buckling mode shape of Dipper type 5x5 cell grid
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(d) No.4 specimen

A}zl 2.7 Impact buckling mode shape of Dipper type 5x5 cell grid(continued)
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(b) No.2 specimen

A 2.8 Impact buckling mode shape of Multi-spring type 5x5 cell grid
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(d) No. 4 specimen

ARzl 2.8 Impact buckling mode shape of Multi-spring type 5x5 cell grid(continued)
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Agse], 53] 334

Aol glolA e
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ZEANA .

Table 3.1 Material properties of dynamic impact analysis model
Elastic Plastic
Classification | E(GPa) | o,(MPa) | p(kg/m’) v o(MPa) g
STS 186.8 258.6 7913 03 2586 - 0.0
1582.9 0.6986
Zircaloy-4 136.6 319.0 6550 0.294 319.0 0.0
469.0 0.3234
E Young’s modulus
Gy Yield stress
Density
Poisson’s ratio
c Stress
€ Strain
a8 3.2(a) 2 2 3.2(b)= A AR sF 2 BAxEUE
YERY R gler, ole FAARAA Al#ol HA el nAPHBE Y9
Ao WIS FEHUon, AR AW YAy s LA A9

ko 2 o } =E F&n, g9 IS A
Aste] T BAE ARPL y oo HAE T&EIUT. FS AF A
22 #u7t AEe A TZ]O Zbsle 2 Rdo] A HFZste A W
(rigid surface)& R34 7A] 842 2Egsta o] ZA Aol & (&0])9
ol Ak Yt AFQA(mass element)E EDHIAOT, o9
A mroze xy] &EE FA3Q. ¥Adg FF FTHHHoE=
AL FAANFDA WY FF FAAIZEE 6 msecollA] 10 msecq] AE
n#Hs 40 msecZhAE W A FRE OADZE 2 msecE Ft 203]9
ZZolgo] AZHEE 3grt. ZA "Hel ®o 7l Hxv FExl A
3718 3:edtd 0.1 m/secollAFEH Fw& 0.12 39 xJ] HEE
S7IAZPAA AE ST, Y o] A - AHsteE VSRR
A3 Yelds FHZo] oA dAlA Y A Az} Folx|A =HEA YA
g2 dale Mg} oM FMdAAe dele] HZoA YA
o] EA3HA HER 2JVIEEY FEL 0.012 49 HAE& FId3d
o] JA FHEEE AAH}EE 3.

EXE HHPLS RE N

2
PN'
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(a) 3x3 cell gri
(b) 5x5 cell gri

FE model of H type specimen for dynamic analysis

a9 3.1
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(a) 3x3 cell grid
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(b) 5x5 cell grid

1% 3.2 Boundary condition for dynamic analysis
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2 7=
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flo

BENEEERES
T3} go] Fojath,

=Sy BT (oyav (.2)

dAPgelx, (Bl WFE-LFAY ALoln, (o)=
%8 WFyolx Ve 29 AFeln,
$22 @4 9 ARE eplicit AR RAEE AEFATH
$449) explicit ARAA W) A% 2RAg AEEE 4(3.1)2HE
&3 2ol FojRk.
(p}= (w1 (=}~ )

geby o) A7 2delq0 WY 2 EE 8w gol 2(3.3)0] o4
SEELS

(3.3)

{D(e + At)} = {D(O}+ ADE)} (3.42)
+ar[t- DO+ ali+ an)] '

{D(e+ an)}= (DO} (ar 2B+ {Ble+ an)] (3.4b)

Wy AFPHo] gy old, o] WYPS dPPS YT IR Y=
Explicit AEoJA vl A& 3 71 dutd oz A45E AL 54 A8
AAakolt}  B=0%! Newmark-B S7F <ibolt}h. dWHFHo=z  explicit A&
z2aRqAE FABESE =Y3e ol 7 anFH AL oy yHS
F317] 93 AR FALeE 2(3.3)2 v Zo] dr},

AT

107

{b}=[Mr‘[{Fw}—i[Lr L[Br{o}dv] 69
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A AeAe HELE vl A AReA FAHoZ AXbEY, ZFAdHHEL
A A4EHA ged. oHI} FHE & FA, HAYP Ho] TZ AN
Belytschko @ Chiapetta [8]°] <& WA ZJHUT. o] HHL ZA4YPLH S
ZEg WEYg oS agAoY, A ZAPEY AFEL {Dyol WiF {Fin}o
a2 Adste A Frtold, o] i {AD}E FI {F"}E Qe
oJRAL AR {F"}E Aiste ARY 48 A&, N

4F BM 2
I 3x3 & XXX

Ao Ao AR FARAN  sF  2HPEe dAWFozo] WY
F&zA0 HEH BuoAe wEe goz TIaPm, 7] SE7}
zrlgolE ZAZo] 038 FolAE AP ZAZEE YA AT
FHATY. 7 22 s4o] W 2 msectlt AR EE 27, = whol
HAgrt S Ade wYE Y4e 24 22 s

JdA F4EL %7 FALEE7F 0.4 m/secdW 5457 Noli, o]
Z2A38F9 GAATFE 8 msecolAtt. 27 FHESES wE =ZHHo WE
a3 3.3 YA, FHE5E 0.4 m/secd] FZA3F0] B staige o
At o9l FHEY ¥ FolEF I 3.4° YeEY. 2#H 3.5
54 AN dA FABEN =2UE W) von Mises 571 §8 EXE
TEABIE 3, ol AuEY R FHd A= FES AR ZxA
Z2ALE A% wekol BAF thE](corner leg) F-EYE ¢ + UArh.
a3 3.6& 349 571 &4 MY E(equivalent plastic strain)& YeEhl:
Qor, AAARE FAT7] A LAFE FHAA F=He FHAFT dAo]
LA Hz FFol PP wmEt &FFE T A4 X (plastic
hinge)ol A W8 E FF(strain localization) @0l dojwtee <& 3 AU},
Z, FZENN 9 2ARNYo] TAFA HE AAAF o] TAT JHoM=

HHoZ(locally) A5 ZAo] Astdut. webA oiF-Eo ®go] o
B AFTHA Hz ool o3 BAGHNAE AldH(unloading) HAFo]
oo} FAIFE F2EY ZE7t 5438 ZAastAl drt. ol AP u(shearing
band) ZAA] A yloAs AD WY E HFo] dojuArt, HMYPE HFo
doju= Add HIg FYoi= B4 A7t dojus A FASE dA4folr},
ol WY E FAFo] LAt AgoAe 8AE MEFSort ¥IdE AF
AEL A A 4 A9{9]. o9t e WIPE HF I3
gAd o E FF £7HA dolwd H3 §Y-d(deformed shape)o] FHEFT 3
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159 67) EdolA F¥o] FIFEA Hv oAl AlZke] EEo] wEt AA)
FZEZ A d4o2 AMFATE. 28 3.1004 FZAHA von Mises
37 $8& 34 —'r:— qel FelA AW SEHE Holx ov, g AR
FolAE oRthE A2 §HE YEMATE. oA 28 3.1194 9 Zo] UA

- 88 -



SASEAAE o] S T A FolA WA 24wl WANA =L o=
@ WNYE AFA A3 o] FSINT TE FTAA) WANA FL @

s
Aok, 2HY Hg 57 $EHL 3x3 A FREF A d2XE gL AL
% o,

mEtA] o] 55 A AAE e FXREY
HEE JF@A0 o Asste o] BEA =
ATk, FF REE FZo| HAT AHY 7] FHALEE 7HEE B9 o &4
GAA HEgd A EASET. 2 3,128 5x5 A& ZHE A AAA Y
2 msec DHE ¥MYd FFE& ZASA Y.

12 -y 2 of

-89 .



Impact Force(N)

6000

H gfid (3x3 Eell)

5000

w

o

oQ

[«
T

Impact Force (N)
S
8

—

o

o

o
T

+ T ~—

I3 33

6000

0.1

Q2 03 04

05 Q6

Initial Velocity (m/sec)

Impact force of H type 3x3 cell grid by dynamic analysis

Stainles

s steel, 0.6 mm

5000 +
4000
3000 -1
2000

1000

T

v,= 0.40 m/sec
Fra=5457 N~

10

20
Total Time(ms)

30 40

2% 3.4 Impact force of H type 3x3 cell grid by dynamic analysis

-90-



X RN
e
R D AR R
RN
AR Yuo

ORI

AR

) N ; N\

SN Ty
O R R R A
R A
R
R AR P SRR
N f.‘w WA N

/vz\w&ﬂ% AR PR IR 7Y
¢¢M,¢..@..,~.EWV$. s?&?&.s‘@@@

NS U Sy
SOOI

: \/‘. &rﬂﬁo\ f‘bﬂ/ﬂ? r’?%.m... “
S R AR
N I R T

AAARORK LR o,\a

@.v‘ (R0 /‘/‘bﬂzﬂ@ /‘/‘b«w a...\l/‘ 4,
&«ﬂ@@vh@%&'@?ﬂ

e Y . e

<’
o>
=

-
3]
[
@
1=
Q
[ &)

SECTION POINT 1

2
2
2
2
2
2
2

VALUE
+5.06E+05
+2.27E4+07
+4.49E407
+6.70E+07
+8.92E+07
+1.11E+08
+1.34E+408
+1.78E+08
+2.00E+08

2E

.44E+08
&7E+08
+2.89E+08

VALUE

+.00E+00
+2.A5E-03
+3.69-03
+7.04E-03
+9.39E-03
+1.17E-02
+1.41E-0
+1.64E-02

+1.88E-0

1E

5B

8E
.82E-D
+3.05E-0

+
+2
+2

SECTION POINT 1

MISES

13 3.5 von Mises equivalent stress contour of H type 3x3 cell grid
PEEQ

1% 3.6 Equivalent plastic strain contour of H type 3x3 cell grid
-91 -



LN

(b) 4 msec

e A T Y e AR =

|

e S =
o S

h-

o G |

D

L

i

0
R

{c) 6msec

3% 3.7 Impact mode shape of H type 3x3 cell grid

-92.



= AR — U ... SR . W% B . S )

00 0 0

/

' (@;@:@ 0

(d) 8 msec

(b ) @
({_\ﬂ

|

o

N N

o

U

TV
I
-
-

(bu@u@@(b
[
3 (D;@;@ﬁ@

(f) 12 msec

2% 3.7 Impact mode shape of H type 3x3 cell grid(continued)

-93-



10000 vy _Hgrid (5x5 cel)

8000 J

6000 .

4000

/

Impact Force (N)

2000 | J

i

1 1

. " " 1 ]
00 0.1 02 03 04 0.5 06 07
Initial Velocity (m/sec)

=,
1

1% 3.8 Impact force of H type 5x5 cell grid by dynamic analysis

Stainless steel, 0.6 mm

v,= 0.50 m/sec ]

9000
8000
F__=8015N

70001 _
6000 - i
5000- i
4000 1
3000 ]
2000 - ]
1000 -J i

Impact Force(N)

1 Il 1 5 1

0 10 20 30 40
Total Time(ms)

2% 3.9 Impact force of H type 5x5 cell grid by dynamic analysis

-94 .



o
;!
{} ﬁmﬁ%
AN

£

{2

D )
WAL,

§a

AR,

A

-,
oo B
AN

R
£y
AN,

K% A

N

4.

LIS W W AN
TG
MmN .

ANNFP

PN
AW

¥ 2
N
RN f“'//.l IV

kA

XN
(R
ﬁwduﬂ.

TR R ,)i,"fl\dl. aon e 2
W u...ﬂlv .

X

SECTION POIIT 1

VALUE

+1.88E+05

MISES

+4.41E+07
+6.61E+07
+8

+1

81E+07
l0E+08

108
54E+08

2E

+1.3

+1

.76E108

+1

.98E+08

+1

+2.20E1+08

+2.42E+08
+2.6JE108

2.868+08

+

lent stress contour of H type 5x5 cell gri

ises equiva

2% 3.10 vonM

X %{ Y
R

ffdﬁv
N

NS
r.dvﬁf//
AR S
3 W Q«Il

2P
A e.,‘r.wﬂd r... &

()

F03 ..ﬂ'ﬂ

s
)
3

SECTION POINT 1

VALUE
+0.0CE+00
+1.67E-03
+3.34E-03

PEEQ

-.0lE-03

+5

68E-03

+6.

+8.36E-03

.0CE-02

+1

-17E-02

+1

+1.34E-02
+1.50E-02

=02

67E

+1.

.84E-02

+2.00E

+1

-02

3_17e-02

+

lent plastic strain contour of H type 5x5 cell gri

Equiva

13 3.1

-95.



(a) 2 msec

(b) 4 msec

@mmm

o gy

.-

L %ﬂ%m

(c) 6 msec

3% 3.12 Impact mode shape of H type 5x5 cell grid

-06 -



U
h_0_0_0_¢

[ N Y
>
I~ a1

{(d) 8 msec

!
6_0_0_0_1

(e) 10 msec

o
| —

~——

() 12 msec

2% 3.12 Impact mode shape of H type 5x5 cell grid(continued)

-97-



3. MEM OGE NXNAXHL 22 HS

HIAE §3 333048 A% #3884 29E AR5 XA R ALE
Aol wE HF AT stz st AAFAAAY FANEE
2H Q223 A2ZRo] HJH2 AAHE AXdAd APS A7) o)
Ade E4E &4 d97A FAs dAe ST, ddel 2149
2 QeEart R A2Z2o) EA42 ASIel mWE AFAREL AR
AFANFE F 3.100 Yebd HAAE ARSI, AANAAAE FAdn e
#e FAe §3 0.6 mE AREEHALH, AAFAA ] FAAL 3«3 A=
skt

b Y BsAAT

AABZA 2] AAe] ME FAREE LU LS ALl nFsgT
AHEE AR 2 AT A2ZEole FUd FAES zk:= 3x3 A
Azt sl F& FHAAE FYT A dA FEAZEE 2HAY AT
A 5457 NolQoy A2ZRolo] AL 4527 No2 2| a7 vls) <F
17 % 32 g-g JEAT. o)A TUd 7)5teEd JAL 7F- AR A=A
AA FZA3FTL ded AR BAASFY JEIUE AL YUY, a9
3.139) o] E wlw3ale] AT

Jy

Lt A 5
A FHSEE  LHQHEEZY] AS 0.40 n/sE Yo}
Azz2ole] ZA$E 0.30 n/sE2 YERT. ZI3 A FAAZol
2EIJ# =70] 6 msUEl] HF] A2ZEo)Y AL 4 msE FFH FRAZFo] %zt
gk, 3899 AFL TR TFEA FE JtEERe 2HJHAZ T
AzZzolo ZALE wusld I3 3.149 #o] A=Z2o] QAL ALRS
T2E0 o 2 £x9 FHNA FFE doftE RS ¢ F U

=

Ct 30 28 =22

570 9% FBRoE addagol} Azgzo AL
Akl sl FHF AT 4Y I Ade FFe HSlAl
JERT a9 A W $4RE 349 wE AAeAL
et 9 $A%ES 9A A9 Ao|we el

rr ox

% B4y
Ao

gkor,

—_—

e

-08 -



plate thick. 0.6 mm

7000 T T T
i Stainless steel
6000 - v,= 0.40 m/sec )
é 5000 - Fmax= 5457 N -
o ~ Zircaloy-4
|y
I.E 4000 v,=0.30 m/sec ]
= F__=5980 N
8 3000 | -
S
£ 2000} -
1000 + B
ol
1 1 i "
0 20 30 40

Total Time(ms)

1% 3.13 Critical impact force of H type 3x3 cell grid by dynamic analysis
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oz AF L oA Fee FA FEE e AHd dis] ARE TR
T4g 2dol disty FResPE AMEEY FAMHE SRR A
A gelx d& A5 v 23T

12 SZAAIS0 gt 0F
1. 3x3 & XXAX

b SH 3L

FA 0.6 o] SHAALZE doz AT 3x3 A AR Al 4F0] g
A8t FAAND S FHst o ZFHE E 4.10] QoFEGIT. KOFAY FA=}
AN A9 B F 57 o] FdhEololA Zo] BT Ao, o
& oF 4107 N& UEHAAT. olFRY AR AHe HAe HA HF F 57
mne]  HEhgoloA zFol WA AFsies, I e oF 2687 N&
el € & AR AEe A, BE o 64 o] HtgoldlA FHFol
wsty] AFsrdes, gk oF 4019 N& YERAAT. D ¥ A= AHE <
A%, BFE F 76 mo] HatgololA ol B AFI}RLH, 1 e
o 5364 N& YEIAATH. A4t SHANGA B 55l A% HFFH Lol
zgstFol BEI FEHA Feormz FAXGA FFS A A zH(duration
time) W3E FHIANPT. EBE 4HdtwoldAe FAY W=z FHF
LRANFE I 5 Jov ARNAAA ] FHFo] TAFH oA F
o8 FAAZEe] FHF B4 olAFAE ThEA YERS Zloly] W] 7 AlHg
FAXNE AHRA 2AF ojAoE 6 ~ 8 msecE: FA ST FHFo] LAY
o|Fol& 8 ~ 14 msecE F7H83lT).
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X 4.1 Comparisons of the critical impact force of 3x3 cell grid by impact test

Classification Critical drop height Critical impact force | Critical impact
| (mm). ™) acceleration (g)

KOFA type 57.15 4107 16.6

Doublet type 57.15 2687 11.19

Swirl type 63.5 4019 16.4

H type 76.2 5364 2145

Lt 2H &=3=%

JA TASEE Hd YA ARHdtEols T olE 4 3.39
st Adtergck. Adsl SAAEY] A JA FASTE 93lxold
el ZAFET. 3x3 A Ax A|HY] A ZF AH| met 5 % e zolE
YeR 2 gden, KOFAR T o)F% ARA AR AL 0.27 oA 0.30 m/sec,
S| Af% ARA AU ARE 0.29 oA 0.33 m/sec, HE ZA=IA Ajg9
A%+ 0.33 oA 0.36 m/secE YEMNAT.

H1

X 4.2 Comparisons of the critical impact velocity of 3x3 cell grid by impact test

Classification Critical impact velocity range (m/sec) | Average value (m/sec)
KOFA Type 0.27~0.30 0.29
Doublet Type 0.27~0.30 0.29
Swirl Type 0.29~0.33 0.30
H Type 0.33 ~0.36 0.33

b sAZE

AR AR FAEF 93 FHFR=E AH FAld BARle]l EF
FAEIRT. &, ARXZFRe FFL AAF AT BASY] A AARE
FA37] A 3R FRAAA FHFH FEAFo TATA Hau FFo
AP met o] oA MYPE JAF Aol YeA Eoh. o] MY E
AL 7 Ao BEAg FZoA At Hu meks I35 Hahe9
Ao A Ayl A IR FSEFoR A o] FolA HAD 350l
Agste A e FIFR=IF AT, Y o] HAFH HIs S
AL o T A FME AY FeH wPo] WA Fyx, ©h
AAREgo 2o o] TS ERAT

o
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2. 5x5 & XIXIAX

ot 2 EZL

A2Z20] 0.457 mm FAE ZE ¢S o= AT 5«5 4 Fx AH
4F Zt VIBE AHH3 FEANRE Fdstd 2 AFAE K 4.19] 294310
AAGE AAA AH A AF F 57 mo HslEoldA FHZo] a3}y
AZEtRon], I g oF 2912 N& YERARIY. HE AzMA AlHe] H 94
B F 57 me] H3tEoloA AZo] FAEr] AFEH oW, L S oF 3766
NS Yehliict, vi7kAE AAA] AJEH AL, FF F 70 o] HEhEol oA
FFo) FAP3y] AlFsIPen, 1 g2 oF 3802 N YENRRTH dEAzZ Yy
AR XA A, HF % 63.5 mo HslEoldA o] WAy
Azt es, 2 e oF 3784 NS YERAT. AF4Et SAAPA RAF
taol o HIFI Fo] FAFdFo] PEI FERHA Fornz FHAGA
3tF9 FAAIF (duration time) WHE FH3PTE. EE HolEgoldA9
48 WIEx #HF TANAE HAFT F Jdov AXABRA ] HFo)
TAEE o] Fel o3 A AZke] FHF @A oAI}E tE2A yerd
RAol7] Wl Z+ AHE FAXNLE AHRYE HF o)HoE 6 ~ 7 msecE
A BT} #Fo] BRI o]FoE 8 ~ 10 msecE FUHEFAATH

3 4.3 Comparisons of the critical impact force of 5x5 cell grid by impact test

Classification | Critical drop height | Critical impact force | Critical impact
(mm) ™) acceleration (g)

Swirl type 57.15 2912 11.48

H type 57.15 3766 14.53

Dipper type 63.5 3892 15.49

Multi-spring 76.2 3784 15.24

type

L 2 385
A4l FASEE BE QA AFHslEolE T ol A 2.39
Wt AAERAT. AFEst FEAEY] B dA FEAEEE YhEold
el AYHT}. 5x5 4 Az AW AL Al#Hej uwet 5 % e AolE
etz glen, o #E IAAFFIL 1Y ZZA Al B E 0.29 oA
0.30 m/sec, ®BIIAHAZA AlHS ALE 0.30 oA 0.33 m/sec,
F22388 AxA AlHe A= 0.30 oA 0.32 m/secE: JeER T},
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X 4.4 Comparisons of the critical impact velocity of 5x5 cell grid by impact test

Classification: -~ | Critical - ‘impact velocity range | Average value (m/sec)
(m/sec) ’

Swirl Type 0.29 ~0.30 0.29

H Type : 0.29 ~0.30 0.29 -

Dipper Type 0.30 ~ 0.33 0.32

Multi-spring 0.30~0.32 0.30

Type

th 3L

AN FASTA d@ AFL=s Aud 3
SIS, 3t o] 56 4 TERE 2E ARED
NBEae @d Holme Mpe gyudg B4 SAE oE wEe
ZHAA ABL Az, weha o RRo] wAR §Hol I 9%
dgso)l Mz FASE REo AR stk o] %o NY FHRE
on EwelAe EAstEe] Ase Yol WE mAReMe AgAny
BUA0E A o WARAA WA TR Aol LARA el olefw
solqel shFel Aste Wol HEA Usis BRI 33 4 Pz
ABTE 2 AgRSs g2 dehd. 3, ARAAAD 1 ZEs g
deje] A2EE2 WYo] doju). o WHESE FPo 4 5L JFoz
-EWgon A ot FHE ST

gol #ARlel E’_—H:—
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2 AiAde Awdst FAAR A o ARE EAR vy F3
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Ay 54 FAHN RN 42 A9E v 1Y A 49, AFR=
2 ShE FAFRALLE Y AFAEF AQ dFE] ofF FAIG oY dA
FTASET 4 21 % A=Y Aol U Yo, olAL AR HA
AlH e Zlstehd F4E 928 RPN ofda =Y HEd Az
Agolxel BAxAT A3 Fddvdie T F YA AHEL 71EEHH
F33 83 2" § 2349 Pl2g Aot ESAsY] HELR
soddEn. 23y g8 454, § dA FAH Y AZFER=E g Ayl
Fogol A4 A AlE A7) HwH Z RSk glerg AAZARA
fFaes @M 22 4 dAe gEAol de Ao FAFHYn.

=
e

%

3t 4.5 Comparison results between test and analysis of H type 3x3 cell grid

Classification | P, (N) Ve (m/sec) Mode shape Duration time (msec)
Impact test 5364 0.33 Shear mode 7
Dynamic 5457 0.40 «“ 8

analysis

Difference -17 -212% NA -143 %

3 4.6 Comparison results between test and analysis of H type 5x5 cell grid

Classification | P, (N) V. (m/sec) Mode shape Duration time (msec)
Impact test 5364 0.33 Shear mode 7
Dynamic 5457 0.40 « 8

analysis

Difference -1.7 -212% NA -143 %

P., : critical impact force

V., : critical impact velocity

Difference =

(test value — analysis result)

test value
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