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In order to evaluate the potential corrosion of fuel cladding during interim
dry storage period, this study combined the Monte Carlo software
SCALE/MAVRIC, Computational Fluid Dynamics (CFD) toolkit
FLUENT, and some self-developed codes to establish a methodology with
the capability to evaluate radiation transprot, thermal-hydraulic, and
radiolysis and recombination mechanisms. The NAC-UMS cask model
was selected for demonstration in this project. The results confirmed that,
even in conservative conditions of radiation sources, residual water
quantities, and storage temperatures, the potential oxidation on the
cladding of spent nuclear fuels during dry storage is considerably less
than that in routine operation or wet storage period, ensuring the integrity
of spent nuclear fuels during long-term storage.
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ABSTRACT

This project combines the techniques of radiation transport, thermal hydraulic and
water chemistry to investigate the residual water distribution and its effect on fuel
cladding behavior of spent nuclear fuels in a dry storage cask, aiming at increasing the
understanding of related phenomena and further enhancing domestic capability to
address the problem in safety analysis and review. The project consists of two major
parts: (1) establishing a detailed radiation map for spent fuels in the canister and (2)
performing corresponding thermal hydraulic and radiolysis analysis to examine the
influence of residual water on the corrosion of spent nuclear fuels in a dry storage cask.
Accordingly, sub-project 1 established a high-fidelity model of a full loaded dry storage
cask and calculated the neutron and gamma-ray distributions in fine meshes. The
resulting dose maps were used as an input of the next-step radiolysis analysis. In
addition, how the radiation in the canister propagates to the surface of the storage cask
was scrutinized in this study. Sub-project 2 established an integrated technique that can
evaluate heat flow and radiation decomposition and recombination effects of residual
water in the canister. The technique is useful in calculating the residual water
distribution and assessing related corrosion effects of spent nuclear fuels in dry storage
conditions. In the end, the results and experience gained in this study were compiled to
provide an overview of the problem and critical items to be paid attention to in safety

analysis review of spent nuclear fuel dry storage facilities.

Keywords: Indoor dry storage, radiation shielding, radiation field characterization
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B Effective Fuel Region

M Plenum

I Upper End Fitting

B Lower End Fitting
Canister

B Neutron Shielding

M Carbon Steel

M Concrete
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M Effective Fuel Region

M Plenum

M Upper End Fitting

B Lower End Fitting
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B Neutron Shielding

H Carbon Steel

M Concrete
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4.2 BE®* EF PR A
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W2 P R BB G AR P R R ¢ KU A A

BRY B BB AL = A CAB-CH AR E 45
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B RB e PR T AGER Al AP Bl B AR A0 B CHp
AL A E B b B Ha S = B0 1t 56 RV LRI TR MR -

PG RHERIE T R A 5 = R Y Y 3 (Fuel neutron, FN) ~ %L
& 3 (Fuel Gamma, FG) 2 % 4§ % + (Hardware Gamma, HG) o 744 ¢ 3 Stk < 384
kpdriidap FEa M SWARPF LA (a, )REF BRSPS o
SRR S SERR) A Rk p AR AP ok A F R B b § A X SR

BHETSRA R KA H RSP 0 PCoRFEY SR EAL 2 CCo TR

»

FR By LB > B SHEE X PP 3 R RS B 5 p
- R F - WICRFE 2 AR 3] B A T 2 0 PCo R 5 1.2 g/kg
FEHEE RO ADBIPREZ R R LB A BB TR RS LR b 1S
ST BRI A HETRES AR TEI L RERSHER T MHRRA

woR Y s R R B PR Y F R ERE o R E(r=1.582[3] 0 r B & BEIR
1-26



FAe T P AL bR S et (@ 0 31% p - i H - WAk R 22 1T9R L) 0 RFLG
Pl SR A T B Bhe AL G AR M o [ TP 3 SR UL R B R X 2L G AN
FRT TEV AT B R > B BT o B 5 R e sk
FEEHR G 2 R R SR e R SR kS 2 r e 1
A’f?"""‘%?év\#q P A E "H‘ﬁ%—r&f,};’;’gﬁ)ﬁw #[3] °

% 4-2 3 % 4-4 L uz)dypld 3o Bkl ok S ‘--“‘LT#"'D‘*””"_—'% 25 50 0 )
4-8 R 3 sk LT BRI AR T OB R TR
Fe (Mix)82 A~ B BB dfF— (a0 — 5o % & g oy LROT 1T
T EAEE S VITE S6 A A TR A TRIE o £ 4-5 FHEPEI e B
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B 4-0 - % 105 SRS R B & F (2) PP 5
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F4-1~ BEE Y 1S ROR L RIR A

55 R S e e xS
(n/s/assy) (y/s/assy) (v/s/’kg)
BU : 54,000
A UE : 4.053 2.07E+08 1.81E+15 7.26E+12
CT:8
BU : 52,000
B UE : 2.99-4.053 2.63E+08 1.43E+15 5.24E+12
CT: 11
BU : 37,000
C UE : 1.9-33 9.93E+07 7.99E+14 1.40E+12
CT : 20

BU : %4£(MWD/MTU) ~ UE : *°U 4= 4k 55 & (Wt%) ~ CT : 4 e (y)
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Fo4-2 s WP 3 SR

2 it £ (MeV) &R 58 & (n/s/assy)
Eiow Ehigh A B C I 5 Mix
1 1.22E+01 1.49E+01 2.43E+06 3.09E+06 1.15E+06 2.05E+06
2 1.00E+01 1.22E+01 6.85E+05 8.78E+05 3.27E+05 5.79E+05
3 8.18E+00 1.00E+01 5.66E+05 7.21E+05 2.71E+05 4.79E+05
4 6.36E+00 8.18E+00 1.45E+06 1.85E+06 6.95E+05 1.23E+06
5 4.96E+00 6.36E+00 1.81E+07 2.30E+07 8.69E+06 1.53E+07
6 4.06E+00 4.96E+00 1.16E+07 1.48E+07 5.59E+06 9.85E+06
7 3.01E+00 4.06E+00 1.36E+07 1.73E+07 6.52E+06 1.15E+07
8 2.46E+00 3.01E+00 2.31E+07 2.93E+07 1.11E+07 1.95E+07
9 2.35E+00 2.46E+00 4.67E+06 5.93E+06 2.25E+06 3.95E+06
10 1.83E+00 2.35E+00 2.24E+07 2.85E+07 1.08E+07 1.90E+07
11 1.11E+00 1.83E+00 4 41E+07 5.62E+07 2.11E+07 3.73E+07
12 5.50E-01 1.11E+00 3.68E+07 4.69E+07 1.76E+07 3.11E+07
13 1.11E-01 5.50E-01 2.44E+07 3.11E+07 1.17E+07 2.06E+07
14 3.35E-03 1.11E-01 2.93E+06 3.74E+06 1.40E+06 2.48E+06
15 5.83E-04 3.35E-03 1.56E+04 1.99E+04 7.48E+03 1.32E+04
16 1.01E-04 5.83E-04 1.08E+03 1.38E+03 5.20E+02 9.18E+02
17 2.90E-05 1.01E-04 6.78E+01 8.65E+01 3.25E+01 5.74E+01
18 1.01E-05 2.90E-05 9.75E+00 1.25E+01 4.67E+00 8.26E+00
19 3.06E-06 1.01E-05 2.09E+00 2.67E+00 1.00E+00 1.77E+00
20 1.12E-06 3.06E-06 3.25E-01 4.14E-01 1.55E-01 2.75E-01
21 4.14E-07 1.12E-06 7.12E-02 9.09E-02 3.41E-02 6.03E-02
22 1.00E-08 4.14E-07 2.09E-02 2.67E-02 1.00E-02 1.77E-02
SLa N 2.07E+08 2.63E+08 9.93E+07 1.75E+08
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Z4-3 ~ Lk 3 SR

Ao B it £ (MeV) &tk 58 & (Y/s/assy)

Eiow Ehign A B C T 15 Mix

1 8.00E+00 1.00E+01 1.20E+05 9.12E+04 2.23E+04 6.54E+04
2 6.50E+00 8.00E+00 5.66E+05 4.29E+05 1.05E+05 3.08E+05
3 5.00E+00 6.50E+00 2.89E+06 2.19E+06 5.36E+05 1.57E+06
4 4.00E+00 5.00E+00 7.19E+06 5.45E+06 1.34E+06 3.91E+06
5 3.00E+00 4.00E+00 3.92E+08 6.24E+07 4.04E+06 1.06E+08
6 2.50E+00 3.00E+00 4.05E+09 5.70E+08 3.38E+07 1.07E+09
7 2.00E+00 2.50E+00 6.80E+10 8.18E+09 1.21E+09 1.78E+10
8 1.66E+00 2.00E+00 9.07E+10 4 43E+10 2.36E+10 446E+10
9 1.33E+00 1.66E+00 5.02E+12 2.45E+12 491E+11 2.09E+12
10 1.00E+00 1.33E+00 2.59E+13 1.80E+13 5.20E+12 1.37E+13
11 8.00E-01 1.00E+00 6.14E+13 2.69E+13 4.19E+12 2.38E+13
12 6.00E-01 8.00E-01 8.76E+14 7.23E+14 4.16E+14 6.13E+14
13 4.00E-01 6.00E-01 1.23E+14 4.89E+13 8.12E+12 4.57TE+13
14 3.00E-01 4.00E-01 1.77E+13 1.50E+13 9.19E+12 1.29E+13
15 2.00E-01 3.00E-01 2.73E+13 2.31E+13 1.35E+13 1.95E+13
16 1.00E-01 2.00E-01 9.39E+13 7.82E+13 4.40E+13 6.57E+13
17 5.00E-02 1.00E-01 1.25E+14 1.08E+14 6.69E+13 9.26E+13
18 1.00E-02 5.00E-02 4.57E+14 3.90E+14 2.32E+14 3.31E+14
N 1.81E+15 1.43E+15 7.94E+14 1.22E+15
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Fo4- 4~ RS SR

iy ¥ it £(MeV) 5tk 98 B (y/s/kg)

Eiow Ehign A B C T 15 Mix

1 8.00E+00 1.00E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00
2 6.50E+00 8.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
3 5.00E+00 6.50E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
4 4.00E+00 5.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
5 3.00E+00 4.00E+00 6.84E-12 9.02E-12 3.65E-12 6.06E-12
6 2.50E+00 3.00E+00 2.50E+04 1.97E+04 5.84E+03 1.44E+04
7 2.00E+00 2.50E+00 2.93E+07 2.30E+07 6.83E+06 1.68E+07
8 1.66E+00 2.00E+00 6.07E-01 2.83E-02 2.60E-06 1.39E-01
9 1.33E+00 1.66E+00 1.22E+12 9.63E+11 2.86E+11 7.04E+11
10 1.00E+00 1.33E+00 433E+12 341E+12 1.01E+12 2.49E+12
11 8.00E-01 1.00E+00 3.54E+09 4.66E+08 4.56E+07 9.28E+08
12 6.00E-01 8.00E-01 2.36E+11 1.18E+11 1.26E+10 9.44E+10
13 4.00E-01 6.00E-01 4.52E+11 2.26E+11 2.41E+10 1.81E+11
14 3.00E-01 4.00E-01 2.03E+10 1.02E+10 1.12E+09 8.16E+09
15 2.00E-01 3.00E-01 6.25E+09 3.18E+09 3.65E+08 2.53E+09
16 1.00E-01 2.00E-01 8.90E+10 4.56E+10 5.38E+09 3.62E+10
17 5.00E-02 1.00E-01 2.02E+10 1.44E+10 3.75E+09 1.07E+10
18 1.00E-02 5.00E-02 8.77E+11 4.52E+11 6.02E+10 3.61E+11
N 7.26E+12 5.24E+12 1.40E+12 3.89E+12
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% 4-5 ~ BWR 2l fihe &40k 5 [3]

Yolp s B R pa SRR kS SR o R SRLER
0.00% 4.30E-02 4.30E-02 1.71E-06
2.50% 2.39E-01 2.39E-01 2.39E-03
5.00% 4.35E-01 4.35E-01 2.99E-02
7.50% 6.32E-01 6.32E-01 1.44E-01
10.00% 8.28E-01 8.28E-01 4.50E-01
12.50% 1.02E+00 1.02E+00 1.10E+00
15.00% 1.22E+00 1.22E+00 2.31E+00
55.00% 1.22E+00 1.22E+00 2.31E+00
55.00% 1.18E+00 1.18E+00 2.02E+00
80.00% 1.18E+00 1.18E+00 2.02E+00
82.50% 1.04E+00 1.04E+00 1.17E+00
85.00% 8.96E-01 8.96E-01 6.28E-01
87.50% 7.54E-01 7.54E-01 3.03E-01
90.00% 6.11E-01 6.11E-01 1.25E-01
92.50% 4.69E-01 4.69E-01 4.11E-02
95.00% 3.27E-01 3.27E-01 8.97E-03
97.50% 1.85E-01 1.85E-01 8.10E-04

100.00% 4.30E-02 4.30E-02 1.71E-06
% 4-6~ BRERRR R
Source Region Strength (n or y/s/cask)

FN Effective fuel 1.55x10'°

FG Effective fuel 6.83x10'6

Lower end fitting (LEF) 1.58x10

Effective fuel 7.19x10"

HG Plenum 8.72x10"

Upper end fitting (UEF) 5.58x10"?

Total HG 3.73x10M
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BRI SRS T R T TR N SRS T RN LG HEF A
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FEPT SRR A ST AR A R
(1) % &]- (Model 1) : 325 it FE 4 A w e T 208 L RE
(Homogenized geo & Mix source(FNx1 ~ FGx1 ~ HGx1))
(2) % = (Model 2) * Z iFm L ok fa B o e T %R L RA
(Detailed geo& Mix source(FNx1 ~ FGx1 ~ HGx1))
(3) % b1= (Model 3) © & Em ¥t f a0 B @ A2 56 L 2 KRR
(Detailed geo& A ~ B ~ C source(FN x3 ~ FGx3 ~ HGx3)
AR SR RS AL R B b e R R A
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_::%':
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e Tk BB IR 8 A 1738 MAVRIC #1415 525 & > # 5 fice

SEBTE LT DT B g BT A o

# 5-1~MAVRIC #23% # * 2 =+ i£% £ 6 F

Code package Hybrid method Cross-section data
ENDEF/B-VIIL1
multigroup 28n19g

(Denovo) +
Sx (Denovo) + MC (Monaco)
ENDF/BVII.1
continuous-energy

(Monaco)

MAVRIC-v6.2.4
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FoREBAE R ORI BN F U RS R RPN ER T B
21 IR 7 2 » i ¥ Monaco % ¥ + B A7 (TR -

k& ip 4 & 3] E % Windows 10 ¥ % % 5454 3.70 GHz 19-10900K CPU
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PR R BT AR BREE AT M54 S ERTIE G

HE A5 SR TR TR AR A F LN R SRk R Sk

TR FARE KBS G okt A R R FIE B RS R R RN E

B0 REA R o RAtA L SN SR oY 3 4 o kS )
ARFRG REHEFLE SRR S AL TR

% 5-2 NAC-UMS i 4 6 Al R F 320 2% 1L

P RE 2R 2
% G- B R
EATNLE 15 & * 6.4.7-2
&£ & (mSv/h)
A& 5 [3] (mSv/h)
v 3 6.28x107 7.58x1073
FEHLEE 44 )i £
* 3 1.07x10"! 8.96x1072
& 1cm e
Bfr 1.13x10"! 9.71x107
v 3 1.59x10! 7.99x1072
PR A TN 4
%3 3.33x10?2 6.81x107
& 1cm e
e 1.92x10"! 1.48x10"!
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10°
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2530 BjEt S UL R S %%

Ratio Ratio
Dose Rate Model 1 ' Model 2 Model 3
(Model 1/Model 2) (Model 2/Model 3)
Total 1.10E-01 | 0.05% 1.07 1.02E-01 | 0.04% 1.53 6.69E-02 | 0.05%
Sid
z 6015160 ) Neutron 6.29E-03 | 0.21% 1.04 6.03E-03 | 0.22% 1.17 5.17E-03 | 0.22%
=60- cm
Gamma-
1.04E-01 | 0.05% 1.08 9.65E-02 | 0.04% 1.56 6.17E-02 | 0.05%
ray
Total 1.54E-01 | 0.61% 1.01 1.52E-01 | 0.57% 1.31 1.16E-01 | 0.57%
T
P Neutron 6.08E-02 | 0.87% 1.00 6.02E-02 | 0.81% 1.07 5.63E-02 | 0.83%
(R=100-172 cm)
=100- cm
Gamma-
9.44E-02 | 0.83% 1.06 &8.89E-02 | 0.79% 1.55 5.72E-02 | 0.78%
ray
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Neutron Dose Rate (mSv/h)
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Responses Responses. Responses

Response 1 Response 1 Response 1

Values Values Values

I 1.00E06 - 1.00E07 I 100505 - 1.0 I 1.00E06 - 1.00E07

I 1.00E05 - 1.00E06 I 1.00E05- 1.0 I 1.00E05 - 1.00E06

0 1.00E04 - 1.00E05 I 1.00E04-1.0 I 1.00E04 - 1.00E05
1.00E03 - 1.00E04 1.00E03 - 1.0 1.00E03 - 1.00E04
1.00E02 - 1.00E03 1.00€02- 1.0 1.00E02 - 1.00E03

I 10001 - 1.00E02 I 1.00501-1.0 I 1.00E01 - 1.00E02

I 1.00£00 - 1.00E01 I 100200 - 1.0 I 1.00E00 - 1.00E01

I 1.00c-01 - 1.00€00 I 100c01-1. I 1.00-01 - 1.00E00

I 1.00€-02 - 1.00E-01 I 1.00E-02-1. I 1.00E-02 - 1.00E-01

LLlI
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ABSTRACT

To further investigate whether the residual moisture in the dry storage cask after
the drying process may cause a humid environment in the canister and induces
significant oxidation on the cladding during long-term storage. Or, the water is
decomposed by neutron or Gamma radiation and forms additional corrosion during
recombination mechanisms. Based on NAC-UMS canister design, this research
establishes an evaluation methodology with wide applicability, which can effectively
use the thermal-hydraulic knowledge to provide various parameters information for
cladding deterioration. Preliminary analysis results show that the fuel bundle after
standard drying process will not cause a high humidity environment in the canister.
Only the conservative hypothetical situation of high burnup combined with low thermal
load can cause the relative humidity inside the canister to approach the threshold (20%).
Based on the completed thermal and relative humidity (RH) conditions, this study
developed a representative bounding case for long-term-storage corrosion estimation,
and considering the relation between thermal load and temperature distribution.

The overall evaluation results show that the thickness of corrosion caused by
humidity or radiation decomposition and recombination effects is far less than the
thickness of the fuel accumulated during operation, which proves that dry storage
method does not cause more cladding degradation issues than wet storage method, even
if cask contains enough residual water.

Keywords: NAC-UMS, CFD, Thermal analysis, radiation decomposition and

recombination effects.
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o4 ~ECPTERHPRIGRET > A F 20 g 54 12 A F (Number/100 eV)

Species\G

e

H

OH

H>0,

HO;

HO»

()]

Oy

H>

OH

H+

Temp = 80 °C

Neutron

1.05

0.43

1.49

0.76

0.03

0.00

0.00

0.00

0.81

0.00

1.05

v Photon

3.01

0.67

3.37

0.62

0.00

0.00

0.00

0.00

0.46

0.00

3.01

Temp = 156 °C

Neutron

1.13

0.45

1.97

0.64

0.03

0.00

0.00

0.00

0.88

0.00

1.13

v Photon

3.33

0.82

4.14

0.50

0.00

0.00

0.00

0.00

0.49

0.00

3.33

Temp = 220 °C

Neutron

1.20

0.48

2.37

0.53

0.03

0.00

0.00

0.00

0.93

0.00

1.20

v Photon

3.49

1.02

4.78

0.40

0.00

0.00

0.00

0.00

0.53

0.00

3.49
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F 5 ~EERTERPMIGRET o Y nit B F K2 @ 5 F #i(L/Mol-sec)

IR 1L f2 R, (L/Mol-sec) (L/Mol-sec) (L/Mol-sec)
80 °C 156 °C 220°C
1 e +H,O=H+OH 1.25E+02 4.68E+02 8.80E+02
2 e +H*=H 4.26E+10 9.41E+10 1.97E+11
3 e +0OH=0H 6.88E+10 1.42E+11 2.30E+11
4 e +H,0,=0H+O0OH 3.65E+10 9.41E+10 1.67E+11
5 H+H=H; 1.36E+10 3.48E+10 6.12E+10
6 e +HO,=HO; 2.93E+10 6.43E+10 1.03E+11
7 e +0,=0; 4.75E+10 9.61E+10 1.47E+11
8 2e +2H,0=20H +H; 5.07E+08 7.27E+10 4.37E+09
9 OH + OH = H;0; 7.83E+09 1.04E+10 1.08E+10
10 OH + HO2 =H,0 + O3 1.34E+10 2.00E+10 2.55E+10
11 OH+0; =0H +0; 2.17E+10 4.18E+10 6.20E+10
12 OH +H=e +H)0 2. 72E+08 1.58E+09 3.58E+09
13 e +H+H,0=0H +H; 7.04E+10 1.73E+11 2.99E+11
14 e +HO, +H,O0=0H+20H 9.23E+09 2.34E+10 4.09E+10
15 H*+OH =H,0 2.66E+11 4.70E+11 6. 78 E+11
16 H,O =H*+ OH 1.19E-03 1.95E-02 5.93E-02
17 H+ OH = H,0 1.93E+10 3.34E+10 4.65E+10
18 OH+H;=H+H0 7.83E+08 1.23E+08 3.89E+08
19 OH + H,0; = H,0 + HO, 6.94E+07 1.60E+08 2.64E+08
20 H + H,0, = OH + H,0 1.37E+08 4.88E+08 1.05E+09
21 H+02=HO; 2.57E+10 4.19E+10 5.21E+10
22 HO;=0, +H* 2.09E+06 2.22E+06 1.03E+06
23 0, +H*=HO, 1.06E+11 1.95E+11 3.14E+11
24 2HO, = H,0, + 07 2.96E+06 9.95E+06 2.07E+07
25 20, +2H;0=H;0,+ 02+ 20H 2.88E+06 9.11E+06 1.83E+07
26 H+ HO; = H,0; 2.95E+10 1.47E+11 6.19E+10
27 H+0, =HO, 2.95E+10 7.36E+10 1.28E+11
28 e +0; +H,0=HO, +OH 2.93E+10 6.43E+10 1.03E+11
29 OH +H;0,=HO; +H0 3.21E+10 6.24E+10 9.26E+10
30 2H,0, =2H,0 + O, 2.93E+10 6.43E+10 1.03E+11
31 H+ H;O =H;+ OH 2.27E-02 5.73E+00 1.30E+02
32 H,O0 +HO; =H;0,+OH 9.73E+06 4 .99E+07 1.05E+08
33 HO2+0; =03+HOy 1.30E+08 2.19E+08 2.99E+08
34 H,0, = 20H 5.84E-06 3.53E-04 4.83E-03
35 H*+HO,; =H;0; 9.51E+10 1.95E+11 3.31E+11
36 H20,=H*+HO; 5.05E-02 6.89E-01 3.58E+00
37 H=H*+e 4.16E+02 1.32E+04 7.03E+04
38 HO+0OH =0; +H;0 5.34E+00 2.48E+02 3.00E+03
39 0; +H,0=HO,+O0OH 1.21E-09 9.04E-07 7.95E-05
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AR AR S A R P ks SR e E S AR A T B

Ao B 110 & T 3 3 F ¢ o AR B (v £.51 % £ B NRC »t 2013

EOEG R [2] X RGEEE C T2 RB 5k E(gmd)iE R R
PR SRR HE R R T IR Y R R R

is % 3. » CNWRA(Center for Nuclear Waste Regulatory Analysis) % >+ 2013 & %=
T[3417 dp MR E A T o F R R B 20 150°C T A $HE R & T 20%
TEREF AT - A h DD R Ea gAY F L (Pourbaix) Bl ¥ & 48
T2 A HE e H(Ghali, 2010) » #&3tF 3 ¢ A BH R R FER T 5 20%0 TF S (8
FrtE 2 Ao pLeb s A @A77 NUREG/CR-6846[35] % HoabrdR 2 14 P 4v>
BERAREZGFET L EWHEEZF P EFET UEET N ke L
AW = Atexp(— &)
RT
e D AW ZH5 T3 22z i E R (gm?) A S ip ¥ #(g/m?*/hr)
HiE i 3.25%10°Q & 7% f* it 1.13x10° (J/mol);R 3 JZ 12 5 %8 ¥ #i 8.314(J/mol/K);

T ZEARK) t 5 PR (hr) o k3% NUREG/CR-6846 2- T » & faHad2 3+ 58 &

=

o™ & #7577 o @ Oxide Growth Phase P i % 7 ¥ (Y FFicz 3 it 5 5 d &
oo F it $r | 3 ts (Post-breakaway)#7 & 3 eF (g F -t 4 3w (Pre-breakaway)
{® -

B FTRAEEY > BFAY P M- HE PP Y 28T CFD £

AT ? o T d CFD# & TE 2 FMGER) MEFHE2ZERS &1
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o 6~ 2 FHEEHF2ZF I E S 28[35]
Material ERRLE R AIE SIS A Q/R
FRUE ETE ST 0.386 16070
Zircaloy-4
F iR gis 187.3 19245
R EIEreD 0.86 16100
ZIRLO
§ g 1.72x10* 22865
R EIEreD 1.0x10°3 12230
M5
3 iV PR EEis 1.3x10° 25290
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33 EpP T FLEFHETZ AR IET AR

— A T ORPEFERTRIEERFAALT € FLERP HiI B R
MOEAEE RN IR E E v AR B R ?ﬂmﬂ‘-ﬁ FEMOEP ST B
PR g A ey éiﬁ’%?;’sflﬁa’ P i85 A4tk F WET RS E R
€[TR P IR E R B 5B HT 5 b4 p & CRIEPI (Central Research
Institute of Electric Power Industry) i 4*¥t:E 48 2 VN E > b4 a8 B~ LR X

e

PIE S FE PN ICF A S e T S PR R R E[41] - AP R R T
% Tseng f1* CFD & (7B E v T RBAFFAFT[36]° o o 5 F )
BERT A mE oS ACFD A7 25 AERT BEFE L AR B
FREMRFFFAPIFHMETOMNEERFELSREET T g2 BK G
Pl @ HEHREMBTLERR 2 A A g2 (R 6)e - £ R BE
B RS AN g - iRt R T AL AR 2R
TGRS SRR AN FETREOERL > KA R
B oz o bldeo B 6 BT h PN INF W A G EM T T R pE s B ® 30y
S R 2SS 0 A TP MY F R FREE AL A o
WO B AT MR 2 R e [ AT R R s g (R T) e

e AP A F PR AL ekt 0 A3 E
TR LT AR R TR S P R L R T I R RN
FHAET M R EREEAREA E s o RS TLRBERA L L

SRR LR RS IRAE S Sl kY
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100% Helium

CERE IR T

7 &

% 4 4% NAC-UMS it {

Tseng

B 6~

1 [36]
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Bl 7~ NAC-UMS P 8B $in 4544 [36]
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Fr ik EREREE GHARL B A TS 2

4.1 Bim A B PN 2

A AT BEE R A D RPN AE Y 2 G o AT R
H P E LR 2T L[] B L B Sl T R ek
N EEAY e BEREFRP ST LA KR A

7] -
411 B S PHNG B

YEAET T ER e P AMRP T T VA2 BT
TEREFAFE A BB SR TR EZERPN AR D) B
Bldc? + 3 F B RgHE Al R SR> AR ERRE PR
BARIRAPT A HF LR ALY D RFEAS LSRR L BK A
VAL T L

1.9 33% BORAL & H 7 #h 4 5 L M9 - S 88 Gl 1 i 1

2 AIREREH A F AR AR

3. H P A ARSI Y 2 g B e

4 - % %4t F 2 51 F T * (Basket Supports) ;

5. g 3L A FT (Homogeneous Porous Media) i 3¢ i {7 % »x 44
L RS S

B b AT ST F 2 NAC-UMS ZHE 42 & ¥ BF 33 4cB 8 #7177 » @

B st plAcR 9 1T e
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412 5 BHTLABERB

Bt o d %t CFD A37HES P @ il {2 F 8 w75 (B 10)12 5 34 3
FReFEHF ARG E NS Eoch B G2 BOLV 14 2B ISP AT
RN ROEAAFET YR RE- HROFT TR FNERER S ARER
(Superficial Velocity) » 1 {8 28 2 * o

ARG R GEILI B ARG PR R R RS ER A2 G
REHETT RER kDA BRER

A i

porosity

st = Vporosity X—
Asf

B>V ALuELEEmMS)E G m?) 7 T3 s ¥ porosity B 4 5] £

AR ABER S SRR L o A ST BN (R 1222 Xk

]

4 A 3 A i pERA 24 -\~ N2y S —
BT o 7T L2044 0 A Fokyt B CFD 12 AJRHE ¥ it
sf

Bl TTEREFRATEOLLLEIENTLER o

ULTRAFLOW NON-WANED SPACER (X
£38.ACN934 81
|
121 [1g2,

OWER TIE PLATE

(UL .

T nanE 56,21
U450 NAT Ly Y p— o000 AETE L T . e
I 3380 L2288,00 -ﬂmm!” s
L (14945 ACTHE FUEL TOME o aon |
1190, 08T L3T96,01 ey CEL
T4 08 (432021
AT

® 10~ ATRIUM-10 %41 & & @ 7 & Bl
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42 PR

AT BRI B B F TG R BT G N
BP0 R AR - RO R h A E 2 AR 2 20T 1 (8]
PRI FREPF 2L EDTHREFLANME FRERP AT o
4.2.1 AR

L7 3 BERQPI0]

#2O0B B B NS-4

# % 5 (W/m-K) 0.65
%A (Kgmd) 1630.40

T #(J/Kg-K) 1335.55

% 8~ 7 445304 2 304L)%: & 4 4[8]

#FoB B B £ B )
296.72 352.27 463.38 546.72 657.83
# 8 %(W/m-K) [11] 15.05 16.09 18.00 19.21 20.76
%A (Kgm?))[12] 8016.37 | 7994.22 | 7949.93 | 7908.41 | 7858.59
2% #(J/Kg-K) )[12] 483.98 503.24 533.38 550.13 567.30
it 5 [12] 0.36
Z 9~ BAK (A-36 ~ A-533 2 SA-588)# i 4 14 [8]
b ow B o A B (K)
296.721352.27|463.38|518.94|630.05| 685.60
FE S (Wm-K)[11] | 41.36 | 41.59 | 41.88 | 41.01 | 38.77 | 37.54
%A (Kg/m)[13] 7861.36
T_F ' #(J/Kg-K)[14] 473.10
st & [15] 0.8

11-34




2 10~ 46 21 B[R]

i) B (K
T s ®©
392 572 752 932
£ % (W/m-K) [11] 14.33 15.16 16.61 18.06
wR (Kgm®))[12] 6560.36
7% v #(J/Ke-K) )[12] 301.44 309.82 318.19 330.75
bt % [12] 0.75
11~ 254 (UO2) % 1 43 14[8]
) B (K)
BB OB B
296.72 1383.94 |508.94 |633.94 758.94
B ¥ 5 (Wm-K) [11] 7.89 1720 5.75 4.90 4.40
% & (Kgm’))[12] 1578|1716 1855 1965  |2021
7% v #(J/Ke-K) )[12] 1658
bt [12] 0.85
% 12~ 48 L £(6061-T651)%: i@ 45 48]
) B (K
@ op B £ (K)
366.45 | 422.05 | 477.55 | 533.15 | 588.75 | 672.05
£8 % (W/m-K)[11] 1713 | 1740 | 1763 | 1763 | 1763 | 1763
%R (Kg/md)[11] 963
F_% v #(J/Ke-K)[18] 0.22
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4.2.2 " x4

FREAFTARFEONTF R T A B R Y R
EF 5 RE RN D F (2 BN EER DT F (R )T - BEELE
AR AERFLARFFFL TN RRAIL A FRLENF
Y e R i o

% 13~ 4 § £ B HH[19]
B A (K)
300 400 500 600 700 800
%’i 0.1625 | 0.1219 | 0.09754 | 0.0834 | 0.06969 | 0.0611
(Kg/m”)
TR A
5193

(J/Kg-K)

;}\( N ’,/zﬁ

A | ?‘ 1.99¢-5 | 2.43e-5 | 2.83e-5 | 3.20e-5 | 3.50e-5 | 3.82e-5

(N-s/ m?)

F

; 0.152 0.187 0.220 0.252 0.278 0.304

(W/m-K)

Z 14 % §F #BEE[19]
A (K)
300 400 500 600 700 800
%”’?‘3 1.1614 | 0.8711 | 0.6964 | 0.5804 | 0.4975 | 0.4354
(Kg/m)
TR A
1 1014 1 1051 1 1
(KeK) 007 0 030 05 075 099
;}\( N ’,/zﬁ
A | ?‘ 1.846e-5 | 2.301e-5 | 2.701e-5 | 3.058e-5 | 3.388¢-5 | 3.698¢-5
(N-s/ m?)
F
; 0.0263 | 0.0338 | 0.0407 | 0.0469 | 0.0524 | 0.0573
(W/m-K)
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423 PR KBTI T

B¢ TE R ARk P T R B KRR T 0 s i
B Rl e G lcis > BRI 15 977 o

3015~ A F PRE R L kg @ (8]

wOR # ®x (W/m-K) "‘ig WA B R

(K) = e | e | (keK) | (kg/md)
248.95 0.30904 3.91887 0.2328 4008.05
360.15 0.40084 3.76331 0.2583 4008.05
472.45 0.56595 3.54025 0.2772 4008.05
585.75 0.78485 3.36019 0.2927 4008.05
699.75 1.07126 3.36434 0.3052 4008.05
814.35 1.38840 3.41917 0.3140 4008.05

4.3 Pl # R §

431 e L BRERE

AFEG TR 2 AR T RN B 0 14KW 2R R TKW 2 ik
PrEEAd o ERREETE- B RGE 2AIERE BT B R
SAcH 1297 m 2 Bt A E AT BEE TR ARSI HEMTTH g
Moo F o~ Wang[37]% A fraE 2 2 FURfe E LR AT eR 13) g
2B ML P 20 R A S RN BRI T HEARF Y 2R
FEfzZpENA Nt AVERARZFET R AL 0B 14977 2 TR AR

S
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Loyt L 250W/R

FIPRAEH
Fuel A:164 W/
Fuel B:
Fuel C:99W/5

Bl 12~ fhamkfoorie » 2 A #REe B

Bl 13~ A5 B " 29 £URfe E H W 27 & B[37)]
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B 14~ r14r— 587 CASK 1 fed 5 6> 03 0 5 14 $H15 117 359 0k

fie % HAFOTIE 2 ¥R R IE (W/Bundle) 7 R, Bl
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4.3.2 oo BE B R

FEP ek BrEPF R R g et e R M AR AR E R
YRR b 7 5 (oB] 1S TR ) 1T B BER Ry o B KA T
A3 pe(Curve-fitting) 1 15 » H# F F 3 fruoy T B & -

faxiSY - 61 266Ya6ctl'l7€ + 168'83Y;’Ctlve 187 29Y;Ctll7€ (2’4)

+109.4Y2 ;. — 38.146Y2,,,, + 8.1456Y, ;. + 0.3738

He Ly

active

B ALL S AR Y F R E R A B
(Y=0.505m &)y 3] b (Y -Direction)# # 2_ JE&E » o R b 75 5 e -
oG

faxis Ymoaisy = —61-266Ymoairy + 168.83Ypmo4ify — 187.29 o4y

(25)

+109.4Y,5,qi5y — 38.146Y, iy + 8.1456Y,, 046, + 0.3738 ;
:E! ? Ymodify Yactwe 0.505m
b RIE T H S AFT G AR & vkl e (+Y -Direction) 2. iR 78

(Source Term)¥ 14 %t FLUENT #%5% # 12 UDF(User Defined Function) > j# #_3&

F Q’”(W/m3 ) = Pfuel X faxis Ymodify (26)

BP0 QAE MM BAD T P s 431 ¢ A R ERIF I 2 B

FIET o FuE LA E 2 % £ 5(W/Bundel) -

Bigd PR SRS KEDE CRRARE FHNLRP T TR
ARG LA RE L S e krrE 2 Fun s PR Y R LA Sk
Tig B A KRR RS LN REHEE SRR X E O A AT

FExantE e YRR ZAGET R e
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Power Factor (Normalized)

=
IS
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o
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o
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o
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[
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/ !
/ \

y =-61.266L° + 168.83L° - 187.29L* + 109.4L3 - 38.146L7 + 8.1456L + 0.3738 \

0 0.2 0.4 0.6 0.8 1
Active Length(Normalized)

B 15+ 25§ i %2 BWR % dhe # & 53 4 % B[1]
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B LSRN E S I E R LR A U R EAT R FA
KB~ F R T ERRE S ST ) DRI o A o0 d N B
PE LT RS BB GERAT B P e R R A
Seo Bl R RCRIE TR L e TR A RS R R ok B W F k-

Hy - Lﬁﬁﬂ%@ﬁﬁi;‘i;ﬁrﬁf@@’w&i B E P a2 R g -

4o 16 777 > TR WREFMERY AL P, RE L AP EL
FRM 53R (o )27 EPFIRELE A B ZF AL
BAFRER A AT et Eie - HF E NAC-UMS 2. 3% 8 2 F 00 st 4 1 4 b &

RHRE 2 R e B A fRSATA L i 2 IR G (B At e Bt E R

BHLvg o h T T AL B L AR L AP T
Re BRI R R B2 RS B o

Perh o d w32 S EPNE RN R FE T U iR AR ET
R H A p IS s E B A 4 INAC-UMS e it FErFH R
AR g B R B R A TR 2 B AR 2 5 A 3
SR BE AR RS BILT L - A S B 17 45 2 nE A 8
Ed RAPEF R B R A B AR ES R R AR IR e T 2 s
B B SRS R LM B T R N IR F e
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PR AT ER REER AR TR S - ARG B2 e SR
Wi #ok 7R 3 § (NUTHOS-13) 4k %% 4 H 1% -
hit— H H HRE 2 NAC-UMS it ¥ prs il (s » v @l § e

BERTFEAT AN ESZ LG 222 A ¥ PR LT LI #A LA

=

B2k A P AR AR R T At LR R AR

FEORNT2ZRG SR TEHTRREPT 2R AFE (R IS 2E 195 &

Bl 18 5 TkW # Ui T orRE2 YA FR R A F 5 4 VR R BE
ook e 1 B(423.15K)F P AR (R e 0 BEEE NAC-UMS 2 %8 4 B 8 B
TR B T BT RN FE R R F R A e g

-+,
g

PPN

RN EXEREFA LRI I[P D LRI R AR
bR Gk KGR T R E PG (AE0) B 19 5 14kW # 4 §iE 2T R et
GRS L D R A R e E X DS ALY LN

dofkad R RBAR KL AT AT B T ARFRE L2  NAC-UMS
P 2R a2 EFV R TEDR L FEE R R TSRS K &

BT iBerdgiE ok B A B 5 00 B NAC-UMS #4401 ¥ prigif iz ™ » &

4
-

'ﬁ ’k i&—;y Ek&i‘ a3 }‘EE"%g-méﬁ‘ in- ],l'_'{ 1= ©°
BRI RGN T UREIARAPRLEET A0 2R RIRFIZERA L

SRR I A LTS S Y EE RN

T\4
Py

SRR EARMIRR P RYp o A E R R AcE 1797 > BB R RS TSR
Bt e g e o F TR B A BB ) Ao s A B T O R R
BNIARFE R A B F 2 o Bt Rz A RPEFIEASE S T ARM
BELRE o @hdclm SEARGFE T LAHREREG ARBLPE 0L

2 BT % E_CNWRA #Fit 2 § B #(20%)
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N

BEXRULLFPML AE R PG TR ERR AR KRS

-ﬂ\q,

il

LR AR

REB % X S Herpr s Rl T 2 REEF P F BEQ0%) - 2 &+ 7F

L ad BT @ R A R LR Sk rE R

J“

Mef B E M e B PTE 2 BT B FE TS A ARG T o

@LW%&Eﬁﬁﬁﬁiﬁﬁﬁagpﬁo

% 16“?'J3+%ﬁ’ Lf;ﬁ fyfﬁj\’}'ﬁ_} BT Ilp»‘ﬁ%kb‘}f
,él(' g ?" 14 kWtransient 14 kWs.s. 7 kW s.S.
74 (GWD/MTU) 35 45 35 45 35 45
30 V(%) 98.47 | 98.94 | 98.51 | 99.01 | 76.94 | 77.50
Z 2 (%) - - 0.04 0.11 0.05 0.11

2T~ 2RBAPEETIEAP BH/ARERAT LSS

7z k& (mole) | FH2AR(mg/l) | (AP¥EAE RH)@Tav
14kW | 7kW | 14kW | 7kW 14kW TkW
- g
10.83 | 66.67 | 32.7 | 201.1 0.46 11.5
(35GWD/MTU)
B AL
19.44 | 12122 | 58.6 | 365.7 0.84 20.8*
(45GWD/MTU)
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0.127995
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0018 { © 0.0640015
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B oo - = 0.0355599
0.008 B 0.0284494
oo 0.021339
oo 0.0142286
o000 0.0071182

10%
] 1 2 3 4 5 6

Zone

20T F IR R R 72 26 AR R
Bz ELEEE Bz E(LEEE (LS )

2317 CFD e i £ § 485 2 7B 2 4n h %

1I-56



600

0

Tmax(K)

500
490
480
470
460
450
440
430
420
410
400
390
380
370
360
350
340
330
320
310
300

Tmax(K)

435
428.25
4215
414.75
408
401.25
3945
387.75
381
374.25
3675
360.75
354
347.25
3405
333.75
327
320.25
3135
306.75
300

Bl 25
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Tmax(K)=11.542W*Q(kW)+388.74
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(a)

Oxide layer
thickness (um)
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