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Confinement function
A double lid structure with metal
gaskets confines the radioactive
materials in the cask.

N

Shielding function
Radiation from spent fuel is

The heat of spent fuel is
transferred to the cask surface for

natural cooling.
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[Fig. 1. Structure of a dry storage cask with major safety functions]

Left: Saegusa, T. (2015), Basis of Spent Nuclear Fuel Storage; Right: Schematic illustration prepared by the authors.

[Fig. 2. Schematic of buoyancy-driven natural convection]
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[Fig. 3. Heat removal paths in the TN-32B dry storage cask]

Source: Electric Power Research Institute (EPRI), High Burnup Dry Storage Research Project: Cask Loading and Initial Results, 2019Chung-Ang University | 4
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[Table 1. Summary of Previous TN-32B Thermal Modeling Studies]
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2. Computational Model (1 /4)
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[Fig. 4. TN-32B cask configuration and major heat removal paths]
Source: Adapted from PNNL-28915, Fig. 1-1; annotations added by the author.
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2. Computational Model (2 / 4) CAW
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[Fig. 5. Fuel assembly decay heat loading map of the TN-32B cask] domain of the TN-32B cask]
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2. Computational Model (4 / 4) e
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[Fig. 8. Detailed mesh in the fuel assembly region] [Fig. 9. Quarter-symmetry computational domain]
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3. Numerical Conditions (1 /7))

B Computational Conditions

[Table 2. Overview of Numerical Conditions]

Category

Setup

CFD code

STAR-CCM+

Analysis type

Steady-state

Computational
domain

1/4 sector model

Reference condition

EPRI benchmark data

Heat transfer modes

Conduction, natural
convection, radiation

B Numerical Procedure

EPRI Benchmark Data

Material Assignment

Thermophysical Properties

Physical Model BC

Ambient
Temperature

25 [°C]

constant absolute
pressure

2,200 [mbar]

Quarter-sector
applied power

7.497 [kW]

Decay Heat Mapping

— N NN C N ¢ N N

Axial Heat Flux BC

— ) ) U S
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3. Numerical Conditions (2 /7)) eA®

B Material Assignment

> TN-32B 7H23°| F£8 P EYH material® 2¢ 7|HIC 2 X|H
> XX, XtmxH, 2-F M X fuel rods Yo sliTol= SHXE HE
[Table 3. Material Assignment for Major TN-32B Components]
Parts Material
Fluid region Helium TN-32B 82 M} =&
Basket Al 6061-T6
Basket rail Al 6061-T6 > Helium
> AI6061T6 g
Clad Al 6061-T6 S
> Carbon Steel SA 516 Gr 70 g
Outer shell Carbon Steel SA 516 Gr 70 3
> Carbon Steel SA 203 Gr A
Gamma shield Carbon steel SA 516 Gr 70 . 2
> Polyester resin 2
Inner shell Carbon Steel SA 203 Gr A ) b
> Cladding 5
Cask lid Carbon steel SA 203 Gr A g
Neutron shield Polyester resin %
Tube(Fuel rod) Cladding material :

Chung-Ang University | 14



3. Numerical Conditions (3 /7))
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[Table 4. Thermophysical Properties Used in the CFD Model]
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380

360

Fig. 1. Specific heat of cladding

Density
[kg/m’]
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2700.0

8055.0

7817.0

7854.0

1577.75

Specific
Heat
U/kg - K]

903.0

903.0

Figure 1

434.0

434.0
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Thermal
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[W/m - K]
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Figure 2

Figure 3

Figure 4
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3. Numerical Conditions (4 / 7))

Radiation Boundary Conditions

v VvV VvV Vv

HAI0|| = Surface-to-surface model0] M=
siMof| At E IHEE emissivityE X7
Xeat Huo Xt g HIALE 098 M

Ground sink= benchmark =741}
UMEIEE 16 °CE2 HH

Helium Properties for CFD
XLl &7 s S flct 2E 78 =24
Boussinesq SilA 2 ¢iot AE 7|& 24 H&

v OV VY YV YV vV VvV Vv

Density : 0.15 [kg /m3]
Specific heat :5193.0[J/kg - K]
Radiation Temperature : 300 [K]

Thermal Conductivity :$5 J2i=
Dynamic viscosity : 1.9891e-5 [Pa - s]
Thermal expansion coefficient : 0.0035 [1/K]

[Table 5. Surface Emissivity Values
for Radiation Heat Transfer]

A

Material Emissivity
Carbon Steel 0.45
Aluminum 0.20
Exterior Painted 0.90
Surfaces
Stainless Steel 0.30
P 0.28 -
0.26
0.24
<
£ 0.22
£
x 0.20 -
0.18
0.16
0.14 T T T T T
300 400 500 600 700
\_ Temperature [K]

Chung-Ang University |
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3. Numerical Conditions (5/ 7))

A

B xIHH Ll I:II %EI EI:-II
> HMME]| XIACHF SHE M +=
> BE XZAHLE EPRI Benchmark data®}

UBE|E E MM

A S5 7P30f chish,

> Boussinesq A}
SR

|2 E3H EJThM

T= © L=

[Table 6. Physical Models Used in the CFD Analysis]

Model Setting

Flow model HAMEl, 55

Buoyancy model Boussinesq Al

Heat transfer M + XA =

Radiation S2S radiation

—4

—

M8 2HEE

> Boussinesq 2Al: B =0.0035 K1,
AT ~200K - BAT ~ 0.70

> D, ~0.0118 m, U =0.1m/s

_ pUDy

> ~ 89
# 3
AT D
 Ra = Brar Dy 3.0 X 102
V&
ZE: Re<<23000|B2 LR HE g2

5827t
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3.

Z

umerical Conditions (6 /7 )

BESH = U Heat Flux ZA =%

> EPRI fuel assembly loading map 7|% 81|€ M &

> Z XN SHEE HES EH heat flux boundary condition2 2 Het
> B.E heated section2 SYTH HRE EHH 4, = 25.35[m?] & AI2

> Applied heat rate= Z section2| decay heat?} S U5 HE

[Table 7. Decay heat and equivalent heat flux for each heated section]

Heat flux calculation concept

Heat Section Applie?v\flllene:;]flux q" Deca;{;wh]e-at Q;
Cell20 25.491 646.2
Cell21 44.804 1135.8
Cell22 37.128 941.2
Cell26 44.824 1136.3
Cell27 38.982 988.2
Celi28 36.170 916.9
Celi31 36.596 927.7
Cell32 31.728 804.3

0@ = 2 f(2)

A; = NpoqmtDoLctive
= 25.35m?

Qapplied = Q;

Copyright © 2024 by CAU. All rights reserved. Strictly Confidential
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3. Numerical Conditions (7 / 7))

B =S Heat Flux Profile M-&
> 4 ArHEH 2 =I"I°"§ HAES HY heat fluxE 2H1tot0] HE
> ek @M B EE EPRI normalized profileg M8
> STAR-CCM+ =S 2Isl Cred LY g ALE
" . n noo__ Qi —
q; (z) = Cli,of(x), dio = 1’ x =z [m]
l
f(x) = —0.0332x% + 0.4045x° — 2.0049x* + 5.1434x3 — 7.1634x? + 5.0974x — 0.3393
1.20 ter
....o..oco..o.o..,.... 14+
1.00 . e
E ° ® "a.'; 12
< 0.80 * — L —
g . . g o
% 0.60 % o5l
Té 040 Eosl \
z° > \
0.20 04 ‘.‘\
0.2 Iﬁ'\ 1
0.00 / “\
0 5 10 15 20 25 30 35 oL . . . . . . . .
Position 0 0.5 1 1.5 2 2.5 3 3.5 4
evaluation
[Normalized decay of each evaluation(EPRI)] [Normalized decay of each evaluation(Input)]
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4. CFD Results Analysis AW
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4. CFD Results Analysis AW

B CFD &2 9|3t Benchmark H|0|E{ G H|1 7|&=
> Table 82 EPRI benchmarkO|A H|&35t= Cell 312 ek 2 =3 H|0|H
> 2 oMol M5 HIIE 2|6l EPRI round-robin Z1} & S22 S48 H 7o 2 MH

> S2= S™E4tu H AN ™o AulE HIJOH,
S4= AMOjXoz 2 %'=2I HMAIE Ho|= A1}

[Table 8. Measured
Temperature Data at Cell 31]

Elevation [Temperature 4 [Benchmark Submissions Used for Comparison]
[m] [°C] 3.5} Submission Method Software
3.810 150.7 | S2 F|n|tec ;:Iglume STAR-CCM + :
3.556 171.5 . 8
—0s] Finite Element z
2.972 194.2 E” S4 Analysis ANSYS APDL @
2.388 1996 | £ 2 (FEA)
1.903 198.0 | 2.,
——S1 <
1.524 193.9 | o
1.016 181.8 s3
0.5 54 5
0.635 164.9 — Measured $
0.229 131.9 300 150 200 250 300 8

Temperature (°C)

Source: EPRI 3002013124, Table 3-1 and Fig. 4-7. Chung-Ang University | 22



4. CFD Results Analysis

B Cell 31 e 25 H|
> 2 i A9 Cell 31 7|& W HL|LX(MAE)= 10.78 °C, RMSE= 15.15 °C

Elevation (m)

4.0

3.5

3.0

25]

2.0

1.5

1.0

0.5+

0.0

> MAE 7|& S2 Clj{H| 2F 41.5%, S4 CHH| 2F 79.2%

Za, HAHQ oS WLt B4

> =2 ojAMo| x| ML 2X}= 35.76 °C(0.23 m), XA HLjXH= 0.26 °C(2.39 m)

—B— 82
S4

Measured Data(EPRI)
—&— calculated with CFD(CAU)

120

| | | | |
140 160 180 200 220 240

Temperature (°C)
[Fig. 10. Axial Temperature Comparison at Cell 31]

260

Table 10. Error Metrics for Axial
Temperature Prediction at Cell 31

Model | MAE (°C) | RMSE (°C)

CAU 10.78 15.15
S2 18.43 20.60
S4 51.94 54.31

Chung-Ang University | 23
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34

[Fig. 11. Axial Temperature Distribution]
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[Fig. 12. Radial Temperature Distribution]
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4. CFD Results Analysis

B Active region S5 1252 YR dS5F

v VvV VvV vV VvV

PNNL-28915, Fig. 3-25: center upflow and outer downflow trend Chung-Ang University |
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335 2% |
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[Fig. 13. Axial Velocity Distribution [Fig. 14. Helium Velocity Vector Field near
in the Fuel Assembly Region] Basket Rail and Drain Region]
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5. Conclusions

o H7 A1 Y B3 A
> TN-32B 7H23°| 1/4 sector®| CHdH rod-resolved CFD R E 1=

> EPRI/PNNL benchmark ZZ 2 BIE5I0] Cell 31 2k 2ZE s
MAE = 10.78°C, RMSE = 15.15°

> D28 active region ZHEUA HEE|D, 0] =
radial heat rejection + |2t & E XIALC|F2| At= off A&

A

> ZL W2 7ot MY =2tHCL], fuel assembly LHE 8 A5 F QL basket rail FH
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