2025 X ste| EAlst=d B2
ABSBholR o OFEieh HAHS It 4|

" " o CWZZ
A, ZIAREN, IR, MEALR, ZAX| O, ZUS B, A2, LS GRS
Fe
Y 'V
W,
! Department of Energy System Engineering, Seoul National University ﬁ_@@ 5
2 Korea Radioactive Waste Agency P
3 Department of Nuclear Safety Research, Korea Institute of Materials Science y »
21 May 2025
Y KORAD,

eI T S




Al
. SRS A S KORAD-21 2HELKE A8 87V
o OIFEHRKE: AP EY 52 AIERMHAR AANERE (COSMOS)

module structure
air outlet

closure plug
TImpact limiter

. air inlet
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A _|x|._g_ | H |=| x HO=I"'|. -|E
== NS87] W-2AFTEX B2 AS
H X = o o o o =1l H
Li-2|F =82 F4] AS2 Cr3dt 22 |20 2fof =4
. ST RAL THRAEO| HALES|R QIst HAI
. QIETEXY HAL B2 S LB BAHOM £A
TEEE SRS . HERE SR
|
LR Anodic reaction | AR TEX Anodic reaction
| Fe ¥ Fe* +2¢e
Fe ¥ Fe** +2e I
_ . ol L S=Hi EXY '
A = AP +3e (Nemst-Planck X8) : C a
: CP* + OH
Cathodic reaction |
4H* + de 0, :
2H.0 H,0 | Cathodic reaction
) : “ o
H* +e «— H,0, — : 'C A0H
OH- + H,0 Radiolysis of water | FBIE LY = p el
: (Nemst-Plandk 0|X &)

HAIRYELS | LhQI Ry Cheset

SAS BAIE.



\

— "1

NP,

7| W5 S8Xt =A0] 2let Mz B} 7158

S3A=

&

. AT
s

et L 2K 24 w18l 7Sy 12

H=0M E=El=
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3
2 400
£
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)
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0
1E-10 1E-8 1E-6 1E-4 0.01 1 100
Energy (MeV)
FARt AHER

HolS =dig &

[1] Jung, Hundal, et al. "Extended storage and transportation: evaluation of drying adequacy." Rep. Washington, DC: US Nuclear Regulatory Commission (2013).
[2] Shukla, Pavan K, and Robert L Sindelar. Effects of Residual Water on Storage Canister Intemal Components. No. SRNL-STI-2020-00428. Savannah River Site (SRS), Aiken, SC (United States). Savannah River National Lab.(SRNL), 2020.

= =] S @) @) o Cc EX
A= R A28 a5 M= D42 o| iy, E= &7
ol
AA 3
OI5t M = 2| dpa (displacement per atom) gt Al 4t
e SS17-42| Z’d [atomic percent]
Si P S Cr Mn Fe Ni Cu Nb Ta SUM
0.07 4.35
1.969 1 0.052 | 18.607 | 0.582 | 71.408 | 2.826 0 0.089 | 0.046 | 100.0
= AA60612| Z=’d [atomic percent]
Mg Al Si Cu Cr SUM
0.8885 98.2580 0.7690 0.0637 0.0208 100.0




AAXER| LHE S4X ZAL| of$t A2 E3} 7Hs

S3A=

oISt L XY =N 3l JHs A 1

o« SS17-42 Ale0612| S-&XE ZZALO]| S|t A[ZH0| IHE =& dpa 2t AlLt

100E7HX| 242+ SS17-4= 2.618 x 10-9 dpa, AA6061 3.601 x 10-9 dpalll =&
OlHIM O 2 QK}2d XM A OF242 7| L E Baffle0| AA|5T SOF = R ARAALS OF

T O oL =
AN XHEE7| MEE2| dpae FAl7Is =&

= dpa B =20

Material SS17-4 AAG061
4 L] L] L] L L]
3.601x10° dpa Time [yrs] dpa (x10°) dpa (x109)
3 10 0.0000 0.0000
P 2.618x10° dpa
o 20 0.8042 1.1042
X
?‘; 2+ 40 1.7524 2.4072
o
© 50 2.0276 2.7858
11 60 2.2243 3.0568
—— Al 6061
; SS17-4 70 2.3673 3.2541
0 20 40 60 80 100 100 2.6180 3.6013

Time (years)

Aol e 2+ gha2l 74 dpa.

[1] https//wwwkns.org/files/pre_paper/50/23A-119-2ZE3 pdf
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[1] Jung, Hundal, et al. "Extended storage and transportation: evaluation of drying adequacy." Rep. Washington, DC: US Nuclear Regulatory Commission (2013).
[2] Shukla, Pavan K, and Robert L Sindelar. Effects of Residual Water on Storage Canister Intemal Components. No. SRNL-STI-2020-00428. Savannah River Site (SRS), Aiken, SC (United States). Savannah River National Lab.(SRNL), 2020.
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« ASTM (American society for testing and materials consensus standard guide for drying of SNF)= ZH&F

T2 A ZolE SOl A MYE7| W F=2M2 R4S rEE + USS =2 &P

Time (s) onizing Radiation

. H,0
Physical stage ewtaV wat"""
H,0° HO +e

1015

. . \ HRO N, H,0*
Physico-chemical H, + O('D) WO HO* + H-
tage “ 2
l H,0 1”20

H'+HO*  H,+2HO*  HO"+H,0* HO*+H,+OH e,

0

1012 31—

Chemical stage l

10¢s t €, H*, HO", HO,%OH", H,0%, H,, H,0,

= YAS E6l T RSk Fa 13

'[F

ofr
Hr

[1] Sophie Le Caér. Water radiolysis: influence of oxide surfaces on h2 production under ionizing radiation. Water, 3(1)235-253, 2011.
[2] dEntremont, Anna, et al. "Drying of Spent Nudear Fuel: Considerations and Examples." Nuclear Technology 2109 (2024): 1639-1647.
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AH|QI2|A S YR0|E 0| F2 LHETEIR AL
. AH|QI2|A(SS17-4)
- ZF0E(AA6061)

17-4 stainless steel 6061 Aluminium
Component Element Content (%) | Element Content (%)
Lid seal
- Fe 73 Al 98.56
X Lid
iliaany Cask Screws Cr 15.0-17.5 |Mg 1.20
Flat seal
L Ni 3.0-5.0 Si 0.80
— cun Port cover seal Cu 30-50 |Fe 0.70
Lid Mn 1.0 Cu 040
’ Screws Si 1.0 Cr 0.35
"t Baskrt rsemiblies Canister FI:t Zeal Ta 0.45 o 0.25
e Bm; Late Nb 0.45 Ti 0.15
Baskets assembly Al Nb + Ta 0.15-0.45 |[Mn 0.15
T T Neutron absorber
+ omaa SUpport mds SUS C 0.070 (others) 0.15
Discs P 0.040
S 0.030

KORAD-21 Dry Storage Cask. SS17-4 % AAG0612| 3fst =4,



AANEET| R RER 2| BAHS 2

+ Nernst-Planck 278 Al 31| (O,, H,0,) =& SiAd
o Butler-Volmer 2 -8Al XX M EAHS SfA HO ..
lonizing radiation
O, AN

NN
NSNS
H202 <

Nernst-Planck equation
Ni = =DiVe; =zt i F iV + ciu = J; + ciu ‘/

Reduction Reaction

O, + 4H* + 4e- — 2H,0
H,O, + e + H* — OH- + H,;0

Heat Transfer Equation

J Electrolyte oT

! | pCp(E)+ V-(a+q,) =0
| T 0x1dat|¢3£| Reac_tlon 1

\ Fe — Fe=* + 2e <« | Decay heat

Al — ABP* + 3e S anm

Butler Volmer equation

Yia Yic
. _ ci ’ agFn _ ci ! —acFn
o = fo(TT(z2) " exp (%52) - IT(-) " exp ()
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LR 222 DEY

HAXEE7I B ool 7|=X¢el Sc|eidy

pC . AVZT p: density [kg/m3]
p ot C,: specific heat capacity [J/(kg-K)]
A: thermal conductivity [W/(m-K)] |~ Supportrod
[
o — . .
* ELII__: %EO‘” 9' O|_|' radiation ﬁii | caskbouy
[T
q, = E(H — €p (T)) g, heat flux by radiation [W/m2] ﬂ | | — Canister
€ emissivity [-] £:: Disc
H: irradiance [W/m?2] ]lé_:: /7
e (T) - Tl20'T4 . i LI / Basket
b e,(T): total radiated power across all wavelengths [W/m2] %H
%ii |+ Neutron absorber
H | —r E —t . il
° Ql_l_ _CI>_7 | EEO‘” 9' o|_|- convection ﬁji UNF
q —_ h . (Text — T) g: heat flux by conduction [W/m?] | Neu"oonncaat;.skorber

h: heat transfer coefficient [W/(m2-K)]
KORAD-21 ZIAMX{E-87| 2 Geometry!™.
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[1] Kim, Sangjin, et al. "Thermal Performance Evaluation of Dry Storage Cask Using Hybrid 3D and 2D Models under Normal and Fire Exposure Conditions." Nudear Engineering and Technology (2025): 103618.
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[1] Kim, Sangjin, et al. "Thermal Performance Evaluation of Dry Storage Cask Using Hybrid 3D and 2D Models under Normal and Fire Exposure Conditions." Nudear Engineering and Technology (2025): 103618.
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I Heat source surface
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[1] Kim, Sangjin, et al. "Thermal Performance Evaluation of Dry Storage Cask Using Hybrid 3D and 2D Models under Normal and Fire Exposure Conditions." Nudear Engineering and Technology (2025): 103618.
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[1] Christensen, Hilbert. Fundamental aspects of water coolant radiolysis. No. SKI-R--06-16. Swedish Nudear Power Inspectorate, 2006.
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R XA 2AAS Glo|E S

BBl ERBH KA SAX|(Tefel plot) TS /3t A% 338

o MM AAE! (RE SCE & CE pt)
R rall

(1)material (2) pH (3)H,0,
SUS 17-4 6 0(base)
AA6061 -4
— AA6061 5 10°M
10°M
4
10°M

LHSTZ=RH ARl & =2

[1] Final Safety Analysis Report for Shin-Hanul Units 1 and 2
[2] Holmbeck, Gregory Peter, et al. Milestone 1.2. 13: Preliminary Measurements of Radiolytic Nitric Acid Formation to Support Predictive Model Validation. No. INL/RPT-23-73873-Rev000. Idaho National Laboratory (INL), Idaho Falls, ID (United States), 2023.
[3] Daub, K, et al. "Effects of y-radiation versus H202 on carbon steel corrosion." Electrochimica Acta 558 (2010): 2767-2776.



S AEX 2AAHS Hlo|E e

set FADE =4 oje 538
Soff L

Al X7%H sk=2 oy g
° | S0 L 2R H O SS17-4 e @ H
>
> 2
Ol ZF |..|TL-I| =P | A K| s 3
AAGO6T1L| 4 E EEC}X T4 5 5
c &
1E-11 1E40 1E9 1E-8 1E7 1E6 1ES 1E4 R T R PR T Pa R
al " = - ol =M 11 1E- g : 1E-11 1E9 1ET 1E-5
pH x HZOZ OEOH [[I'l— AA6061 J'I-SS17'4—I EAO*" Current Density (Alcm?) Current Density (Alcm?)
Material pH H:0.& % [M] potential [mV] icorr [nA/cmz] Ba[mV/decade] B[mV/decade] 0.5 . 1.0
—— 10pHS| ——10%pH5
0.0001 97.304 195.559 2325 561.852 m 10%pH5 m 10%pHS
6 0.00001 -72.507 69.37 357.708 120.866 S oodl— 10%Hs 9 -
0.000001 -93.016 4455 344229 101.909 g g 08
> -0.3649 2
0.0001 90.745 193.39 265.397 415985 3 =
sus 5 0.00001 -38.364 54.138 339.581 148.248 H e £ ool
0.000001 -65.202 43462 268.162 119.245 2 é
0.0001 113.518 417.043 760.9 824.113 -1.04
4 0.00001 -51.2 85536 500.545 97687 e - o - 0.5 r
0.000001 1017 125 996 505212 84638 1E-11 1E10 1E-9 1E-8 1E7 1E6 1E-5 1E-4 1E-11 1E9 1ET 1E-5
. : . . . Current Density (Alcm?) Current Density (A/lcm?)
0.000001 -645.25 8551 121.681 79.008
6 0.00001 -751.85 14.486 202.481 224.515 0.5 pry 1.0 )
o 0%
0.0001 -694.489 38418 348292 76 G 104 m 1054
0.000001 -714.768 25179 79.739 39178 8 0.0 10™pH4 uo) o 10 pH4|
Al 5 0.00001 -587.166 17.961 198.765 144242 2 E 4
>
0.0001 -646.725 17.753 450.038 940.749 E’ ;
0000001  -659.232 347815 97.886 105578 £ £
4 0.00001 -469.944 1604 81975 1311 & E
0.0001 -501.224 384809 10444 142178
S — 05 -
1E-11 1E-10 1E9 1E-8 1E7 1E6 1E-5 1E4 1E-11 1E9 1ET 1E-5

Current Density (Alem?)

pH % H,0, =0 [[I2 AA6061(21 %) 1} SS17-4(R2EZ)0| Anodic polarization curve.

Current Density (Alem?)
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Crrot =AM 2| LHFE =X B-F7|2)e
[oFst B1AL ZZAO|A] BHA

—— pH 6 & [H,0,] = 10°
——— pH 6 & [H,0,] = 10°

—

—— pH 6 & [H,0,] = 1o*|

E

Corrosion depth (um)
8

Corrosion rate [um/yr]

04 A
20 \
0.2 4 =
04
L] L L] L 1 L 1 L) 1 L) L 0-0 T T L] 1
0 10 20 30 40 50 0 10 20 30 40 50
Time (y) Time [y]

CHE #HO]A [H,0,] = 10°M X pH 52! EHZ0j|A] 5013 St SS17-42%
AA60612| €} TIgY 0f|= Zuf

AAG0612| 74| ZI=0f Lt pH2| B

Time [y]

B

$517-42| 54| 0] Chi$h[H,0,]12| B2

J

2 2X|

T
4 —
T —— pH 6 & [H,0,] = 107
-E-. ——— pH 5 & [H,0,] =10+
3 3 ——— pH 4 & [H,0,] = 10°*
| S
[4}]
fr]
(1]
.
c 21
©
/)]
o
,._1-&
o
O |
0 T
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3% XE87|ol 8 ARPELY

A= 20| ZSF Duplex Stainless Steel (DSS)
« Duplex Stainless Steel: 2AEH|LIO|EA| 2F H2[O|EA7} E&E OlF 1= &

1B

. R0t LRAE B 7[AE EY
. Austenite: 23t LIEAM & Ferrite: 28 7| A& £

. O|2{¢t O| 72 DSS2205 & DSS21010| HAAINEE Y| 8 2K 2 E2| 1n2dE

e ——— L w

Duplex stainless steel2| IIIIHI—';‘.’F..



ASHE BHOIMO| QRTETY £4] S

DSSE= Zt &(phase)d| 2} &0|ct £4 HSS EY
2 & 2= 5 (Single-phase polarization)=
_I

=
. QAH|LIO|Eyahet H20|E(aehel 2= J4
. BAFOQ QAHLIO|E(A) < HEIO|E (oA

5 | | :
D B e S e Y
] 3 f o
= 5 o ~°
< ol
(@) ]
< 5
Q 054
Two-phase DSS Selective dissolution S i ‘
T 004 T
e ]
c - | |
8 i
8 05—t
1—=— DSS 2205 (Gamma) i
|- & DSS 2205 (Alpha) |
1.0 +———— EEEREEEE EREEES SAR R S LSS A
Epoxy resin coating Physical removal of epoxy —4 —2 0 2 4
by grinding or polishing log Current Density (uA/cm?)
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ol RXY 54 A B

DSS 541 AS 84 A
« Monte Carlo method: MATLAB 28 DSSLH O|AM| o] £Ai| 22 174

« Butler-Volmer equation: & E2 T2 M7|ztst U3 (= J4) HE

« Nernst-Planck equation O] H-& (

o Level-set method: 25 &2| AO|ot Al & Ol AN ol HIY

v

9
> Tl
1
of
08
00
=
Il
i

Potential (V vs. Ag/AgCl)

DS 2205 (Gamma)|
& DSS 2205 (Alpha)

: ‘
-4 2 0 2 4

Anodic reaction
Fe2+ + 2e-

C Cl-
3+ 4+ OH-

Cathodic reaction

DSS2205

-4e < 0o,
40H-

Holl™ | s=+uf &3d
(Nernst-Planck 0|4 £

Matlab 3 =2 5%l Monte-Carlo DSS2| 3T 2.3 115, 20

Level-Set HO0| M-EEl DSS2205 O|AM| A 2,



DSS22052| Micro-Galvanic Corrosion oA Z 1}

ot

2I-9_I

-1

S 54 H9 X0| 2, LAH|LIO|E(y )0l 40| HEEl= B
H
=

AIMQ| XtO[: Austenite (y4) < Ferrite (o)

. 1007t A|28[0|M At A|CH HAl Z10| 2F 400um Al
. Ch 2 5MojM = 22 2 0J8td

a & 50%/ y &: 50% CHE A o|A&

Dissolved Undissolved gamma

gamma phase Alpha phase & alpha phase

1
%107 m

0.9

0.8

F1 0.7

F1{ 086

F 105

Fq 04

Fq 0.3

0.2

0.1
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S Hl=0| M= 54 ol Z1t

DSS22052| a/y 4 H|Z0]| [}E Micro-Galvanic Corrosion &

LS4 FQ| XjO|0f IHE A FF £

.y A (Anodic) T ot (Cathodic)Q| TE HIE X[O| 2 y A HAl FI=

a & 25%/ y & 75% a & 50%/y &: 50%

@ o b W N M O H N W B oW m =
— T T T T T T T T T T T T T 1T

=
(=]
-

3 x

= —
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L L L L

E & k& N 6 N & @ ®
— 1 T T T 1T T T 1

Lo S 0 5 x107 m

0.9

0.8
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Fq 05
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3 x

i

o
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o

=]
T

a & 75%/ y &: 25%

b h bbb o N we o N
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0.6M NaCl 2H30llM Dsse| o/yed HIZ0| HE R4S SiA] At 1% 25/75, F7850/50, REZ 75/25.



S Hl=0| M= 54 ol Z1t

DSS22052] o/y 4 H[ 0] I}E Micro-Galvanic £4 H&

« y& H[E0| ROIEEE current density % dissolution rate 57}
« Solid line: 25/75 of a/y ratio
« Dashed line: 50/50 of a/y ratio
« Dotted line: 75/25 of o/y ratio

10° I x I T 10*
— = Average local current density|f= 25/ 75 of alpha-gamma ratio
NE 4l=_Average corrosion rate — 50/50 of alpha-gamma ratio
2 R [ R ] -75(250f alpha-gfammaratlow_log s
= 10'4 | | | : =
""""""""""" 1 E
a 1 | | | |
c B O A L - .- - — 2 @
© - | | 107 %
T 1014 .. | | =
= . | | c
- i i i i o
e e o 100 %
5 0 f f o
= | | | | 3
s {1 N R T
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) — =N s s e e T "f: ©
% - L ! | L . - g
,,,,,,,,,,,,,,,,,,,,, v . L1p?
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Time [Day]

0.6M NaCl 2F0]lM DSS2| oy} H|20]| L1 average local current density (black) 3! average dissolution rate (red) ¥}
Solid line: 25/75, Dashed line: 50/50, Dotted line: 75/25.
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o LHERZEX| £4 oM.
e ZtATHEC| E7| Uniform corrosion 841 Znr 24X Z40} sty
« AAG0612| H| X G2 HALS 210

= X

. QARIET B B

- DSS 2Xj2 7“7| Micro-Galvanic 4! s{jA Z1} B A7} 2te
«  DSS AXHo| A H|Z0| [HE Micro-Galvanic £4! EE 20l

£3 67 A
o L{E=XY FA] A
o« CHAANE 1249t SS17-4 £4] A
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Q&A

Thank you for your attention

If you have any questions,
Please feel free to ask me



발표자
프레젠테이션 노트
경청해 주셔서 감사합니다.


Hyertica= 97W/M2, Hy o oooma= 387W/m22| Insolationg{!]

vertical —

. Fission products =1 actinides=0]| 2|9+ &1|ER
1

P(t) = 881.99 X ¢0.23990+141124X(t+10) [W/t [-]M]
For 1 <t < 20 years

P(t) = 14545.68 x (t + 10)~%7>756 [W /t HM]
For 20 < t < 10° years

- Natural convection= EASH= heat transfer coefficient!s!
k
hnorizontal = (Ff) X 0.1(Gr % PT)1/3

k
hyertical = (Ff) X 0.15(Gr X Pr) 1/3

[1] Kim, Sangjin, et al. "Thermal Performance Evaluation of Dry Storage Cask Using Hybrid 3D and 2D Models under Normal and Fire Exposure Conditions." Nudear Engineering and Technology (2025): 103618.
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q'=Qyr / 4nr?

g": incident radiative heat flux on the target [kW/m2]
re) =
%I D|7I'E T'__£|| Q: pool nor heat release rate [kW]

Xr: radiative fraction [-]

r. distance from center to the pool fire to edge of the target [m]

B Target area Q =m"’ AHc,eff (1 — e_kﬁ d) Af

PN [ Heat source surface
(b) S — Heat flux direction

(a)

m": mass burning rate of fuel per unit surface area [kg/m?-sec]
AH_ . effective heat of combustion of fuel [k)/kg]
z KB: empirical constant [m-"]

Lox

\_ D: diameter of pool fire [m]

"] Heat source surface A¢ the surface area of pool fire [m2]

B Target area 2m

S e E AlLIR| 29| HEHE: () 2 2P E, (b) 2P 21l B
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[1] Kim, Sangjin, et al. "Thermal Performance Evaluation of Dry Storage Cask Using Hybrid 3D and 2D Models under Normal and Fire Exposure Conditions." Nudear Engineering and Technology (2025): 103618.
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