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Abstract

The biggest obstacle in the nuclear power generation is the high level radioactive waste such as the spent nuclear fuel. High level
radioactivities and generated heat make the safe treatment of the spent nuclear fuel very difficult. Nowadays, the only treatment
method is a deep geological disposal technology. This paper treats the structural safe design problem of the spent nuclear fuel
disposal canister which is one of the core technologies of the deep geological disposal technology. Especially, this paper executed the

nonlinear structural analysis for the stresses and deformations occurring in the canister due to the impulsive force applied to the

spent nuclear fuel disposal canister in the case of an accidental drop and ground impact event from the transportation vehicle in the

repository. The main content of the analysis is about that the impulsive force is obtained using the commercial rigid body dynamic

analysis computer code, RecurDyn, and the stress and deformation caused by this impulsive force are obtained using the commercial
finite element static structural analysis computer code, NISA. The analysis results show that large stresses and deformations may

occur in the canister, especially in the rid or the bottom of the canister, due to the impulsive force occurring during the collision

impact period.

Keywords - spent nuclear fuel, disposal canister, nonlinear structural analysis, finite element static structural
analysis, accidental drop and impact event, impulsive force, commercial computer code

.M B Me BdH o JfEsof sk 7leddd EHglt. 1E9

H7lE A7) 22 WP EE S wikeke 75871 (cask)

Ag F algns e 2EddAVIRY BB G5 M £ o 4% 3 AT} e $58717) SEol

7hesta Hdgh sldies A nHH sle 71ed el HApd B o] o2 FE2H W vl AFsly] wEel

A% A %714 (Kwon, 2010; Lee et al., 2007; Zhou et tal.. 2005)% Asle] EA)g

(
al., 2010)¢] IW71E F Rl IEAH7IE 8717t
A AT o] FAlo] Hlo] /eIt Lee et al., 2007;
Kwon et al., 2001). ol¢} & AR S HE7|<
o2 AAAEE FHse F7hY gY9d S Fle=
7R dARAA wiEE =AM $ AARE AEsh] fs)

=

0 x] _:_7(4

H
=
1o
o2 o
)
%
e,
2
=1
o,
@
= ©
Q

de =l Ay #d Ak
HE QPR (B, 2001), =A|9AHE
71TF(IAEA) S WAMER 73 9 29k SR (IAEA,
1996), Zg]lx vl=r 10CFR71¢ 7 2 2x8F oHHHd
(NRC Regulatory Guide 7.6, 1978) 5ol it} =i A2

' Corresponding author:
Tel: +82-44-860-2484; E-mail: yjkwon@hongik.ac.kr
Received August 23 2018; Revised January 14 2019;
Accepted February 8 2019
©2019 by Computational Structural Engineering Institute of Korea

This is an Open-Access article distributed under the terms of the Creative
Commons Attribution Non-Commercial License(http://creativecommons.
org/licenses/by-nc/3.0) which permits unrestricted non-commercial use,
distribution, and reproduction in any medium, provided the original work
is properly cited.

FTHAFEESE =28 H32H H22(2019.4) 75

e



Feigs) Al A AWt FESHE LE9)E ARg7)e] v g4

FAMEAAE A b, AR, AT, ARk b9 et al., 2005; Zhou et al., 2008) HFZ oz HE-&7d
A3 72 9 DR FAE] vk A PATAl A&7 HAslo] -89 24 Adg0] S = AL vy
el F=rdAE kA 71 ed (KINS) ol & A1 Tl 28 AP A2l ozt AlgEn. wEps Zo] FEHE
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WA 78S Ekstaat & wjols AP ds] 1A ATE FIL F A} ol AF FE T A&V TRIA =
A2014-50&5(H71&. 02) (FAHEAD To 24 3 &1k F49< A gs] getstofnt sk, ol sl e 4 Fx
3 7+4) (NSSC Notice 2014-50, 2014)2] 21& w53 A A& AFEZE s B oyt T4 71FES e A
of gthal A staL glnt. o]E Tl <Jshd nESl Y] AFHZROdE et A B AFE AsiMe &
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SHA| AAE]olof gt o] & AAsiA A DA A Awg7ld HAshs ¢ 9 WYS ks A4 F2Ag
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Al Ag710l 71iAl= A oJste] AE87]el A ek 719 7¥liAlE FAE A ofate] HE&7]e] LA ste T4
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e e FRESC] FEYT S5 T4 Al A8 7t st BAIZE w4 gltk 2R FAGFA glo] A
A F4EE S8 Y F UEF A&7/ A ofok A2 AE87] AA ] tigk Fehdel AP AAR olfn

2e FYE FEE g s FEAS o] w2y wie] B nFH N E &L 4%

=
o
S-DYNA3DY ABAQUS/Explicit FAE FaAstd Add A7t FYEn th(Aquaro et

T Ut 28y ojoh e 2R al., 1983; Dierch et al., 1994). A& A4= 1T
HL 71 o] wl¢ m7te]7] wiiel] 2 ol |7t A & AA7IE ALE71dd TASFAE T2 Fx2E st
= A A5 WA o] ylo] npake] 3ol & 74991 AeAt FE $3)5] a1 M (Choi et al., 2010: Pugliese et al., 1994).
Atal Z2E s Adle fraatARt B el o] d5Ede] Ty o] 240 dATe FAETAL fle 58T 723
A7 E AR FEYS olo] AU FE A FE thste] AE8717F st gt AW S5 Al A8l
AR Zolt AR Fo] LAste] whEe] o] A& 7 -fel= WA HEHE S AP R sl AEET]l
A freskA] s Aow AlrdE. 53] & Al F9] #2 7FlAE HUFA S o3tk (Teper et al., 1989: Miller,
AIZE Well A 2&8714 7kl B2 4 it F= 1993). & AN e sV R FAETA} fle 58T
2 A8l FAQ 724 zlgo] BT & AUARHLee 4T3 ALEIIF EEAFAA T} ot AW FE

76 sEAMTAZEE =28 M32W HM25(2019.4)



e

SEERIESE LIRS NG
B AT E & o A e

SIATE. ool F7tste]

ofj
N
L)
K
lo,
§L_"
i
o
_0|L
rir
iy
J4r
ax
)
ot

olefdl A FAl F= Al ARE7I TRiA = F4E

AEC] ofef AFE7]el Wshs =54 WY olole] MPE

Tt o9k ZE FARWE g WL 7]E9 o] &

ATl e FAFHA X HEelrh. A8 A7 (Kwon : . ;
2016)9] o]7] o]sh e FHA WHS w2y WHOE 1Y

st Fehdat el AWst 35 A 488719 TeiAE 32

98 oga/eAgos Tod olgdor T8 37Ud
RecurDyng olg3le] #4402 T3 $42o] 2X3e

ISt B Aol clelhel A87] melge] sl

Be 790 ol ek 871 AT FAHL AN | -
7 A3 v aPselor duk. o] A oEHOE Be

TAHE o 22 Felolnh. wE £ Aol A St Fig. 1 Korean spent nuclear fuel(SNF) Disposal
Al FEEA Canister(KDC) and coordinate system

o RecurD® S ESISH 7522 7 weld] gkl A4 FaskaA @ A€ bomdl 37}
S el TARA S@ gAnUd fefe] Aessl) e A1Z1 102cm, 107cm, 112cm, 117cm, 122cme] B 714
3t Tz AFEHHTE NISAS - ’ ’ : : A

wdolny ool whe} fF-FHAUNES A= 92cm, 97cm,
102cm, 107cm, 112cm=z Z7HA. 28y 1A #7]=
thite] 7H82 44 (13cm) sl Yats] FA1A17]aL <2
FAE bem= DA FAAZT. A7A ] Wty whet
AE8719 AH 9 A Wi A8 A7o] F7H
w2t AE-8719 FAE Frtetet & Aol ol 2ol
A7} Rglele oA Zle] i8] Bl tisle] A E7olA
FEA] A S F AR FEhds) ok A AW FE
Al 870l Bt FAES FAHCR Askett Ad
P A S5O R ARE7E &% Al FEHeE AlE AR

A7 AR FEeel AREIE B FAYL ol

oX

H| & A E8717) 718 o2 7PEA A it sides
AAE AHE27](Fig. 1€ 34 (D)°] Al1Y 2 102cm
2} e gle Zeo] 26.58ton o2 ul$ AL tEE Ao

Mo o
>
o

N ‘ Recur Dyn3} 2:¢ 4 Feidz=z 71755
18T, mEp Pl Ded e Whegde] xasA HHS 235 %sﬁj: X287 0;‘}& z]mozg
RS AR Bl AGE AE eRAFE oledel S e
et eclolor et <l el St 71 L EAS Agep] mdYg sojor Ak old) diaiae ol
FA2GA FFE ok it 34 dldel 718t B4E(PWR) 8 0123 7] A7 (Kwon. 2013)91A 8] THE7] mjRo]
o h8 , © T o

247 wde] 12847 AYe Fig. 1] ZAE ulel 2},

1-871ae] T2gAs ALE Fig. 19 344 v 2 A R

HE njsh Po] A HF-87)E AEH0 v
BA2H BgAe] nEe|A S et 4717 9891 A8

X 2.2 71754 A4 B Az
20 thatel tiR A Uaks] Mdso] 9o o]5e =

2t
i

B Al W Reshl sles, of i AES o A elR REL ol-g3te] ofe) e elolel (u st
bomdl FeI= € Sfde] @ Stk 53 = AN A gmigie) shan)s, AR89 AT BAS, 2714E)
Hel gde] 7w @ 570 bem?l GAEEE € )tk 8 =) glaje] 1) 1BE A e AFEAAFE Recur Dyns
ALE Fig. 10] FAE vhet 2ol a7 A ARSI Agaie) e Sawch A A4 P 2 HPe
el 2 (D) We7PAA ofel mhe olel 7K A871 0189 7] =B (Kwon, 2013)9] 71%50] 917] wjEe] =%

FHAFEESHE =28 H32W H25(2019.4) 77

e
I



dME 1 F 2 =53 #dd FaU& 2 4 A9= 7|& Table 1 Static friction coefficient between canister and
—5]‘93\‘:}' %1: ﬁoﬂ/\i Od%:} %igté]%jﬂr 63-7]1] 75]»_':} 7]?%9_1 the vehicle SUrfaCE(KWOn, 2013)
sha Mol 93 AL SE e 93 F 8|7} oAtk Dian?ete)r(D) Mgzss()m) Friction( co)efficient
_ . _ cm Kg Mg
HelA FAAA AHo R FEfdsl A| BAs= 7t FEEY 102 26,58 03578
HE g Zddolt). £ MM E BF A 7IA]] HEo] 107 29.765 0.387
et A WA HE2 AEL717F 53 Aol 1Y 112 33.1 0.40
o wdeke ARl e5A% Buse 4F, % WA M7 26.58 0.40857
T 122 40.22 0.4168
A EE717F FEH3) ot AW FEE o 8719 AW
He] HF, v Al WAle Al e A ate] 3 Folrt, Ua} slo] A|Azle] 25 A] A B8]0 Wehs 248 S Y}
RecurDyn# 2& AFHFAHANAES o] et 7|75 A T 4 QJeE slsshd AAA e gAlE Aew 7HE
SN FPe] AeAAE AN AFD 74 WES AT Gk ole) O AAD WL A& = (Kwon, 2013)
o 7} HEFEHE 5 A AFES dEstoof it ols 3.34d] 7]&Ho] Ik 2 = A HA 2879 Sk
AGEo 7t 2 wet £ A28 mdd we} e A A& Al vpRASE Table 19 EAIHO 9l
HES Zret B oM e AEL7IV S5 Table 19| vFEAIF FELS 918 = (Kwon, 2013)] @%1
Table 2 Computed impulsive force and impact point(Kwon, 2017)
Diameter Drop type 1 Drop type 2
i t Drop type 3
(cm) Variable | Componen First impact Second impact First impact Second impact rop type
Impulsive F, 0.1463 0.3165 0.1512 0.2650 0.5191
force (F) F, 0.0128 0.0029 0.0274 -0.0001 0.1996
109 (MN) F, -0.0097 0.0133 0.0216 -0.0201 -0.0001
Impact T -0.5099 -0.5036 -0.5019 -0.5064 -0.4756
point (r) y -0.0095 0.0783 -0.0903 -0.0589 -0.1842
(m) 2 4.83 0.00 0.00 4.83 2.39
Impulsive F, 0.1627 0.3326 0.1709 0.2925 not observed
force(F) F, -0.0349 -0.1096 -0.0045 -0.0606 not observed
107 (MN) F, -0.0094 0.0125 0.0227 -0.0210 not observed
Impact x -0.5310 -0.4742 -0.5348 -0.5327 not observed
point(r) y 0.0645 0.2470 0.0154 0.0486 not observed
(m) 2 4.83 0.00 0.00 4.83 not observed
Impulsive F, 0.1837 0.3223 0.2200 0.2692 not observed
force(F) F, 0.0560 0.0423 0.0402 -0.0796 not observed
119 (MN) F, -0.0250 0.0229 0.0808 -0.0630 not observed
Impact x -0.5360 -0.5461 -0.5508 -0.5369 not observed
point(r) y -0.1622 -0.1236 -0.1009 0.1592 not observed
(m) 2 4.83 0.00 0.00 4.83 not observed
Impulsive F, 0.1534 0.3223 0.1756 0.3400 0.5916
force (F) F, 0.1310 0.2240 0.1270 0.1953 0.3836
117 (MN) F, -0.0134 0.0149 0.0187 -0.0209 0.0039
Impact T -0.4200 -0.5201 -0.4825 -0.4676 -0.4685
point (r) y -0.4072 -0.2675 -0.3308 -0.3513 -0.3503
(m) 2 4.83 0.0 0.0 4.83 2.39
Impulsive F, 0.1466 0.3230 0.1536 0.2836 0.7092
force (F) F, 0.1755 0.3318 0.2152 0.2028 0.4798
199 (MN) F, -0.0106 0.0125 0.0751 -0.0583 0.0151
Impact x -0.3489 -0.4793 -0.3520 -0.4960 -0.5507
point (r) y -0.5003 -0.3770 -0.4982 -0.3550 -0.2619
(m) 2 4.83 0.00 0.00 4.83 2.39
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Fig. 2 Comparison between the numerical value and
the mathematical approximate(theoretical) value for
the impact force occurring to the canister accidentally
dropped and directly collided on the ground
(Kwon, 2016)
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Table 3 Material property values of composing parts
of the SNF disposal canister

. Outer shell,
Material| Insert Lid & Bottom Fuel bundle
Fuel +Zry-4
Cast iron Copper tl.lbe
. (equivalent
Properties
value)
Young's modulus
E(GPa) 126.5 117.0 29.7774
Pmssonys ratio 0.95 0.3 0.3
Thermal expansion
coefficient 10.85 16.5 3.24
a(10%/)
Mass density
2
p(ke/m®) 8,000 8,900 ,000
Yield stress 200 64 ~
cry(MPa)
Tensile strength 1.400 900 ~
o, (MPa) ’
Thermal
conductivity 52 386 0.135
k(W/mC)
Specific heat
O(J/kgC) 504 383 2,640

Table 4 Piecewise linear hardening stress-strain curve
data of copper(Kwon, 2011)

O'j(Pa) €
50x10° 0.005
80x10° 0.015
130x10° 0.065
180%10° 0.154
210%10° 0.288

Table 5 Piecewise linear hardening stress-strain curve
data of cast iron(Kwon, 2011)

O'j(Pa) €
300x10° 0.005
412x10° 0.023
542x10° 0.078
697x10° 0.147

AR PAEs FEARE A WA e A1
47 Ao ARE7]) AR F) Suslor ATt o9 2
ARg71ol e WP FEEAS
et se] AW} 5 4] A38710] A
ARg7)e Waeke res PEAGS Adslel Bt
weto] o w) vjR-geo] Fwapl Bsle] vi-eele] H)
gtol ARSI AHE F Adarhee 2

YES IS AD(FA)Y B8 g 3k AL e

80 EIEMMTRIES =2F H32H H25(2019.4)

7le FEA SR k] Felo] gEE o] WAbs & AlaLvt
WAEE ¢ Qlt, AW FE A] A8l 7RiAE SA
ol A&7 Bk $H I HPS ALtelr] glak] &
oAM= RecurDyn= ©]-&sto] o oA ¢+ 522 (Table

23x) st A& frkea &
o
=

A 55
7] AR 27 102me] ARE71PE A8 473 Bom
Z/ ofe] 7p) Ag7] mde] dhete] RN S £

ko] wmatt}, o5 95k Semd A7H S
2o Table 29 A8 2442 284
g}, FRalA L NISAS] vl Tze)4
e}, v g pze S Sy =
e 74 BAZd ud 245 @sol 2
3~5of| & A7) el P ot BANFES] £3] HES Ve

it

B

%

2

Ir

_>|J_',

o Mo
k4

il

i

e fRasdld T NISAZ ol&de] faesnd
3} B4 24 Fig. 19 24712 NISAZ o] §3le]

T4 9 foas wdRe g 72N 934
& 2

o 2

fo
32 B op
o
@
=
@
]
<
Lo,
5
to
i
ol
5
(@]
[oN
o
(o]
4
rir
.%
Q)
o
o
o
=2
X oo
g

fretes R Al A RDo] {ae s FE 3
H groll ZEsles 0] Bol AAdasitt. divst
F(Wang et al., 2014)°14 g<ld nle}l o] 3
A M Rde f3has s Wsta FE A
fretes oM e g 27] et &

(impact point) & ol AT = HFote o2 24|
(Fig. 4%=x). 72344 73 Al 28719 A=
AER7N7F FEAFAA Fesl afe] AW FE Al
8710l 7¥iAlE FA I Bl A8719 F

-0,
fo
o
i
i
HiL)
rlo
ofj
Sy
om0 2 orEom

L 1 )
=

1M oo M

N
glé
™,
=
R=)
t
0.1 (
)
o
A=)
oot
N,
Wi
S
oo
N,
N
%
N
rir
ol
)



Aok FEH2A Folof gty BE P24 A F2E
214 (support) o] 783 7ol A Mol F&aks AARAE
7¥eit}, ey ofw 9ol Ae] EyeiA] ¥E B9t
Aot Zole BA(dE B9, F¥ 9 AF 3 T

Fig. 3 Finite element model of PWR spent nuclear
fuel disposal canister(D=102cm)

Table 6 Number of elements and nodes for F.E. models

Diameter
(cm)| 102 107 112 117 122

Number of elements | 5944 | 8008 | 8008 | 9288 | 9288

Number of nodes 28249137913 |37913 4315343153
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Fig. 4 Impact force applied to the canister at the
collision impact point(arrow is the impact force)
(D=102cm, drop type 1, first impact)
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Fig. 5 Constrained boundary condition(u, =u, =u, =0)
on the bottom surface(z=0) of the canister
(D=102cm, drop type 1, first impact)
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Table 7 Computed maximum von mises stress and deformation occurring in the SNF disposal canister due to the
impulsive forces incurred in the event of the accidental drop impact

Diameter Variables Parts Drop type 1 Drop type 2 Drop type 3
(cm) First impact Second impact First impact Second impact b WP
Maximum St‘ffiifre 254.9(750.6) | 335.2(873.4) | 214.1(441.0) | 382.9(1338.0) | 37.1(43.7)
von Mises Cast i
stress(MPa) | >0 O 7 8(8.0) 67.9(48.0) 30.3(23.9) 16.0(14.0) 37.1(43.7)
102 insert
Maximum St‘ffiifre 8.95(1.22) 30.16(2.59) 6.58(1.24) 45.07(2.20) 0.16(0.16)
deformation Cast i
(mm) ?ise:ton 0.98(0.98) 2.25(2.24) 1.07(1.07) 1.77(1.77) 0.14(0.93)
. Whole
Maximum | 00 | 577.6(818.4) | 662.1(920.7) | 435.1(606.1) | 1214.0(1676.0) -
von Mises Cast i
stress(MPa) | o O 9 9(9.5) 33.7(33.7) 16.5(15.9) 16.6(17.1) -
insert
107 Whol
Maximum ole 1.19(1.19) 2.45(2.45) 1.20(1.20) 2.13(2.13) -
. structure
deformation Cast |
(mm) AR 0.92(0.92) 2.07(2.07) 0.99(0.99) 1.65(1.65) -
insert
. Whole
Maximum | 0 0° | 580.2(841.5) | 282.7(411.3) | 181.0(259.9) | 782.7(1124.0) -
von Mises -
Cast iron
stress(MPa) | 3 1 10.3(10.6) 27.1(27.8) 19.8(18.3) 14.8(15.2) -
112 Whol
Maximum ole 1.14(1.14) 1.80(1.80) 1.16(1.16) 1.61(1.61) -
. structure
deformation Cast |
(mm) ast o 0.86(0.86) 1.57(1.57) 1.03(1.03) 1.24(1.24) -
insert
. Whole
Maximum | 0" | 560.3(811.6) | 674.9(968.7) | 358.4(512.7) | 1109.0(1589.0) | 58.8(118.8)
von Mises Cast |
stress(MPa) ?isel;:n 11.7(11.9) 38.7(38.9) 21.0(21.2) 23.2(23.7) 25.1(37.3)
117
Maximum St‘ﬁifre 1.04(1.04) 2.01(2.01) 1.09(1.09) 2.02(2.02) 0.20(0.19)
deformation Cast |
(mm) ?isel;:n 0.76(0.76) 1.60(1.60) 0.88(9.88) 1.48(1.48) 0.11(0.11)
. Whole
Maximum | U000 | 6117(891.2) | 797.6(1143.0) | 388.1(552.2) | 887.0(1292.0) | 70.6(143.5)
von Mises Cast i
stress(MPa) ?ise;ton 13.4(13.8) 44.9(44.8) 25.6(25.8) 20.3(20.9) 31.1(46.0)
122
Maximum St‘fl’iifre 1.04(1.04) 2.06(2.06) 1.09(1.09) 1.52(1.52) 0.23(0.23)
deformation Cast 1
(mm) ?ise;ton 0.72(0.72) 1.60(1.60) 0.87(0.87) 1.08(1.08) 0.11(0.11)
% - not observed, (): linear analysis results(Kwon, 2017)
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Table 8 Ratios of von mises stress and deformation
per unit impulsive force(drop type 1, first impact)

Ratio per

. . Applied
Dia- Computed untt impulsive
meter | Variables | Parts P impulsive
(em) value force force

- x10°
(x107) (X10°N)
Maxun.um Whole 954.9 173.9
von Mises|structure
stress |Cast iron
(MPa) insert 7.784 5.289
102 - Whol 1.471763
Maximum ole 3,954 6.084
deforma- | structure
ti ;
on Cast iron 0.982 0.667

(mm) insert

Maximum | Whole
von Mises|structure

stress |Cast iron
(MPa) insert 9.241 5.543

107 - Whol 1.667111
Maximum ole 1188 0.713

deforma- | structure
tion  |Cast iron
(mm) insert

577.6 346.5

0.922 0.553

Maximum | Whole
von Mises|structure

stress |Cast iron
(MPa) insert 10.340 5.338

112 - Whol 1.936928
Maximum ole 1137 0.587

deforma- | structure
tion Cast iron
(mm) insert

580.2 299.5

0.859 0.444

Maximum| Whole
von Mises|structure

stress |Cast iron
(MPa) insert 11.690 5.781

117 - Whol 2.022135
Maximum ole 1.041 0.176

deforma- | structure
tion  |Cast iron
(mm) insert

560.3 277.1

0.759 0.375

Maximum | Whole
von Mises|structure

stress |Cast iron
(MPa) insert 13.380 5.846

122 - Whol 2.288865
Maximum ole 1.038 0.453

deforma- | structure
tion  |Cast iron
(mm) insert

611.7 267.3

0.724 0.316
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Fig. 6 von Mises stress contour occurring in the canister
for the impulsive force(whole structure, unit: MPa)
(D=102cm, drop type 1, first impact)
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Fig. 7 von Mises stress contour occurring in the canister
for the impulsive force(cast iron insert, unit: MPa)
(D=102cm, drop type 1, first impact)
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Local deformation
due to impulsive
force
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Fig. 8 Local deformation due to the impulsive force
(whole structure)
(D=102cm, drop type 1, first impact)

RESULTANT DISPL.
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Fig. 9 Bending deformation due to the impact moment
(whole structure)
(D=102cm, unit: m, drop type 1, first impact)
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