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Vacuum drying process and
comprehensive evaluation of
residual water for dry storage of
spent nuclear fuel
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*NWPA: Nuclear Waste Policy Act
AIST (1978~1984)
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Lee, S., & Yook, D. (2017). INFCWT, 15(2), 135-149.
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Figure. Dry Storage Casks at the Idaho National Laboratory INTEC Site [1]
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.n.# Table. Available High Burnup Fuel Assembly Types for demonstration [2]

Cladding Material ?513‘313151?1%? Numbj\iigrnbhes In'aLd?;Iion Manufacturer Assembly Type
Standard’ Low-tin Zircaloy-4 53-58 3 1989 Westinghouse Lo-Par
Zirlo 51-55 20 2004-2007 Westinghouse V5H
M5 5267 11 2001-2010 AREVA AMBW

Low-tin Zircaloy-4 49-50 3 1994 Westinghouse V3H

of: AHZ B ET} AAOR MAEI= M IHS UHAA 2
SE|= TITH2 KSI5H01 0f IO HART| W 25 S| HoJE
S a5tz e g,

« XA IR F BIO|E] S 95101 AT} HiRES 0|2] 2= 5t0f

S MY T E4& F/fots A=0] +3E.

© ZMFIO L DENA F StLII TBZE THHO| MY
=, > 2B Z7f 510 Wlels Tk HjHLIZ0 of

5t 2251 2ET 0]2% & QIS + D=3 227} 150 0[6t2 HOX|= ARt 22 NRCOIA I

= owme = AL QX _ M2 M A 104 O|AIS XISHE! 7{0!

0” Ecl?;s-l 9\/'\9}\17| [[H_E_O” X-Ig Ilj E"OlE‘I E.I'EO'” AEI:[[H == = E [1] HANSON, Brady, et al. Gap analysis to support extended storage of used nuclear fuel, Rev. 0., 2012.
3" 7‘:” =] = [2] Lee, S., & Yook, D. (2017). INFCWT, 15(2), 135-149.

5 AALEQE AT volE] FR ZRAE o] F AFAE EALTY oS |2 AFAEAA S £ SL 7FE 24 9,
FESF FdE T FEF AL TS AFEE o) Sl EEl wA = A% FestA 5.

ARG 2025 2A &3] 24D, 2025. 05. 21 (§), AFICC 5/25 A

i



A = . ‘ o] Youtube E7| %4 PURAM Youtube 37 944 WestinghouseNuclear
O‘i i 71-.' & T A ‘..7 ? The Spent Fuel Interim Storage Facility in Paks Quiver System for Storing Failed Fuel Rods
Ag-rHds 2x

C S FAAE A2 AA AR Aol AR Fle) SES A 4.
+ 217 E(vacuum drying): 1F BEZE §7] ¥ FE T Fe Bo] FEAo] gastel BF S2e] 3% 7134, 33
>7hd AA] glol® Re Feol A 5L AA

A&

= 283k s RE S M

(cold trap) 2] BH|E FAH Ax A X
A 35, FHFHO= 3 torr o5 ¢EE 24

ARG 2025 2A &3] 24D, 2025. 05. 21 (§), AFICC 6/25 A
[



O 443995 Axs 9 Fa97?

v A F2U? )24 Fol = HE FAL F Q2
A2 & A ZA/ 72 £+5 - 79 (FE]) =3
B 2
Holtec HI-STORM 100 | 1oltecimemational 4 4.8 (5 429 6484 NRCFSAR (Hfoltec 27
] A A}/ nl A
(Unli\IVp(::SsglMN?PC) NAC International (u]=f) A _21‘;1%0:{4:*—52)“% 2100 NRC MAPS B3 A [2]
] A) 2}/ 9-nl A
Orano TN-24 AJg|= Orano TN (Z32X) A _z;a&%‘g‘;&)"% 10900 NRC #4# % [3]
=4 el
J A A A /L-uF AL
GNS CASTOR V/21 GNS (59) A _E-F:—lﬁoéﬂ‘—‘i;)n ° 12000 AR 74 [4]
-3 X x _ - _
KBS-3M% ;‘]”—E* SKB/Posiva (2A19/22=) 43 A2 (12 4342) 1656 %7 [5]
5.3 3 torr 48 22 3 o124 FAT & A= AW B9 F VA BN appr a9 e Ay 2E 2]
=) 2=
3 (FH) =4 (mol) A% (g)
1 1.612 x 10°(-4) 2.9 x 10°-3) Lelbmsealle e )8 6 e) (@At
500 0.0806 T.45 Lab-scale 7] 2¥: 196 8]¥ (0.570g)
1000 0.1612 2.9 7 T2 AW 282 260 = (0. 755g)
1500 0.2418 4.35
2000 0.3224 58 @ 1. ppm (parts per million)
2500 0.403 795 o 712 7 WEt 22 OfF BFO| HA 5 WAk 2o WS A|SHERIE LEHLhE SRl
3000 0.4836 8.7 o OJO|: MO R Mz E BEHT I AHRSILICE 0f: 1 ppm = 0.0001% = 1 mg/kg (S E0]
3500 0.5642 10.15 et CHE)
4000 0.6448 11.6 i
@ 3. ppmv (parts per million by volume)
4500 0.7254 13.05
5000 0.806 145 o Mol 81 7|F ppm (7IH SE0|M T2 AR)
5500 0.8866 15.95 + BE:
6000 0.9672 17.4 S 21 (volume) of component it
7000 1.1284 20.3 %3 of mixture
8000 1 . 2896 23 o2 (1) HI-STORM FSAR REPORT HI-2002444
9000 1.4508 26.1 & 21%’1??'2?R‘;?!ZEaz@Ziifeén‘"sfé?a??c?ﬂ@{?\Efe‘i‘i%ﬁ [ééaﬁpii"e‘iﬁizi.i‘é@ﬂ;ﬁ?&':&?ﬁffﬁéﬁomzomzs SRNLSTI-2020-00428
10000 1.612 29 Ezsl; Transnuclear Handouts — Part 4 of 6 - 10/07/09 Public Meeting (Draft SAR changed pages — non-proprietary)
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Table 5. Results of HBU Dema Gas Sample Water Analyses.

Sample | Collection Dominion SNL'
# Time ~25°C ~25"C 65"C
#1 S hrs 1,633 2,007 |
#2 5 days 8,896 =i, H00* =000 |
#3 12 days 8,300 11,200 I 17,400

*Samples were compremised: values are minimums
TWUneerainties are estimaled, based on analysis of standards, W be £100)

Table 4. Resulis of HBU Demo Gas Sample Analyses.

Gas Species Sample 1 Sample 2 Sample 3

Sampling time 5 hrs S5 days 12 days

Bulk gas composition, %

He Confirmed balance gas

H:0 (est.) 0.46% 1.8% 2%

N 0.39% 0.07% 0.07%

Measured trace gases, ppmv
Ha 46 287 408
CH. [ <1 [ 9 [ 22
co nm 34 25
Nz off scale 630 680
Oz &80 38 134
Ar 49 8 9
CO; [ 103 [ 751 [ 230

a3 A SNFe] u]z] &= <3
F23E o HANY $£231E2 dA S ASAA A I 9]
A (HR) d F71 A9 $£42749 (DHC) 7V
HEF I » Y A AT YoYU AE A FA FEL ZE
U g3 913, 292 A= o W
S EF A3 2 &2F FEL A S A AET Fulo]aE F
WE/98) | Fhei. FAHe2E A8 B, B4 2o

AR WA - AR ¥ Y APOE 23] 4 s e 7}
W AR | E A G4 AR AR A A EA

AR+ H, 34 bs A& 9 A 9x 99, €8 )
9 oha AN ASE Zr A3E SA £& 371 BE bs

Bryan, C. R., Durbin, S., Lindgren, E. R., llgen, A. G., Montoya, T., Dewers, T., & Fascitelli, D. G. (2019).
SNL Contribution: Consequence Analysis for Moisture Remaining in Dry Storage Canisters After Drying
(No. SAND-2019-8532R). Sandia National Lab.(SNL-NM), Albuguerque, NM (United States).
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Table 2-1. Comparison of Vacuum Drying and Forced Helium Dehydration Methods

Drying Method

Vacuum Drying

Forced Helium Dehydration

Criterion

Maintain vacuum of 3 torr for
30 minutes

Exit recirculating gas
temperature of -6 °C [= 21 °F]
for = 30 minutes*

Efficiency/Process Time

Estimated time range of 30 to
65 hours

Estimated to be 16 to 38 hourst

100 000 T T T T T T2t
I”’
10000 -7 Upperbound at
1 atm and 350°C
’
E 1000} D 2 -— {1 =
< Condensation 5
5 Condensation =
2 100} 2
3 H
e Subcooling §
§ 10k (cold trap) a
z C
o i
RS o OIS S ISR S
1| Af —
’ Superheating (heater)
,/ Tia
01 L L - L : L 1 . PY I B
50 0 50 100 150 200 250 300 350 400 10,

Temperature (°C)

diagram for pure water (Right)

Table 1. Multi-purpose canister (MPC) cavity drying limits

ANT Inisnaterw, 2015

-
3
@
3
=
3
=
2

Temperature ("C)

Fig. Pressure—temperature cycle of helium drying Process (Left), Pressure-Temperature phase

MNote: [1 torr = 1 mm Hg]
[1°F=1.8"°C + 32]

Advantage - Industry standard and - Eliminates the possibility of
accepted method of ice formation in canister
dryingt - Maintain cladding

- Simple air-cooled vacuum temperature due to heat
drying systems eliminate transfer of recirculating gas
need for external heating
and cooling units

- Less expensive to
purchase and maintain

Disadvantage - Uncertainty of possible - Internal configuration
formation of ice in canister (e.g., basket structure) may

- Difficult to judge whether prevent adequate flow or
there has been sufficient circulation of gas over all
time for sublimation of ice surfaces in canister

- Note: At pressures below - May have difficulty with
4.7 torr, ice may form in pooled water in
canister requiring 3 to 4 canister bottom
times longer for removal§ - Requires more complicated

equipment setup
(e.g., helium circulator),
preheat and chiller module

References

*Holtec International. “Final Safety Analysis Report for the Hi-Storm 100 Cask System.” Rev. 4.

USNRC Docket No. 72-1014. West Marlton, New Jersey: Holtec International. April 4. 2006.

TBencel, K. “TAD/STC Drying and Inerting Calculation.” 000—M0C-MR00-00100-000—-00A. Washington, DC:
Office of Civilian Radioactive Waste Management. 2007.
INRC. NUREG-1536, “Summary Review Plan for Dry Cask Storage Systems.” Washington, DC: U.S. Nuclear
Regulatory Commission. 1997.

§Kelly, J.G. "The Myths and Realities of Vacuum Drying." Dry Storage Information Farum, May 15-17, 2007.
Clearwater Beach, Florida: Published on CD ROM. Washington, DC: Nuclear Energy Institute. 2007.

Fuel Burnup (GWd/MtLT) MPC type MPC Heat Load (kW) Method of Moisture Removal
MPC-37 =47.05
All assemblies= 45 VDS or FHD

MPC-589 =46.36
MPC-37 =296

One or more assemblies > 45 VDS or FHD
MPC-89 =30.0
MPC-37 =47.05

One or more assemblies > 45 FHD
MPC-89 =46.36

A)

B 42933 2025 EA <3 H3FD, 2025. 05. 21 (), AFICC

* VDS (Vacuum drying system), FHD (Forced helium dehydration system)

Chae, G. S., Shin, K. W., Park, B. M., Han, J. H., Lee, G. H., & Park, J. S. (2017). INFCWT, 15(4), 403-409.
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[1] Saha, Sudipta, et al. Nuclear Technology 208.3 (2022): 414-427.
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Experlment Report (No. INL/EXT-21-62416). Idaho National Lab.(INL)
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clad spent nuclear fuel." Journal of Nuclear Materials 577 (2023): 154299.

Eidelpes, Elmar, et al. "Technical basis for extended dry storage of aluminum)
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Journal of Nuclear Materials 577 (2023): 154299 (INL, SRNL).

Task 5 — oxide layer response to drying: Aluminum clad spent nuclear fuel (ASNF)

r-l

Fig. 15. TGA results representing the mass loss of dried samples (using FHD, or « FHD Test 2
vacuum drying according to industry standards or INL § CPP-603s IFSF procedures) FHD Test 3
FHD Test 4
_ 4 FHD Test5
g 1.0 1 <« FHD Test 6
g A » FHD Test7
O 0.8+ & v FHD Test 8
S “ ; +  FHD Test9
g 0.6 - .{ 8 <« FHD Test 10
- L » Vacuum Test 1
[ 0.4 Vacuum Test 2
ﬁ ’ v® s Vacuum Test 3
a = &[%a s Vacuum Test 4
j 0.2 1 3 + Vacuum Test 5
w . ;0 o Vacuum Test 6
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v . b
AFE(E, Eol9] 1/3 7)) A& A& AU 2 a 1 0 1 ]l}¥ iseuscownmesis
50 100 150 200 250 & |IFSF Vacuum Test 11
Fig. 7. Mock ATR assemblies loaded into the basket within the mock canister, with v Vacuum Test 12
a siphon tube connected to a canister vent port. Temperature (C)
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9= 291 $2 & 94 AR5 A7 AFAAE ) 275 A
« There are three primary forms of water that could remain * ~5,400 LWR fuel rods that developed leaks during reactor
within the canister following drying: free or unbound bulk operation of the >19 million rods operated.
water, physisorbed water, and chemisorbed water. ~4,200 remain in the spent fuel pool,

~1,200 are in dry storage canisters.

* 400°C for commercial reactor SNF (250°C for ASNF) ey
* hoop stress would not exceed 90 MPa. , —H |
3. Vacuum pUMPp .m i /\ !
. . . . . .. Py(t) = Ppe V" e H ;
* Important considerations in drying include characteristics of i — ! " 1 |
the fuel assemblies and canister internal components, such (I iTi | ol ol ariLy

as their surface areas, which can hold physisorbed and
chemisorbed water.

ny.o~f(AP', T, Ag, Fr 3. Water vapor flow
im0~ ( 4 7) through the defect

AP'=P —P;
ok tip~f(AP', T, Ty, s, RH)

i| | Fy: Friction force term

¢y Failure geometry
RH: Relative humidity

1. Water vapor generation by
evaporation and boiling
mevap"’f(APl Tl'Tg:As‘ Fe)
Mpoiting™~f (T1, Pi)
AP = Py — Py
F¢: Capillary force, or external force term
A.: Interfacial area

) T [

Figure 1 A schematic of the drying phenomena that occur during vacuum drying of a failed fuel rod.

* reactor-induced breaches (~1-mm holes):
small release (<1 g)
* drill holes of 1 mm or 2.4 mm: small release (<1 g)
Fig. 2. Examples of observed crud: (a) is noted as a thin peeling crud and (b) is a heavier ° 5 5 m0| 9 break (breached fuel)
flaky deposit on top of a thick oxide '

9] A4 FAAE A2 2 AT FIE T = o] B9 FH4, 391 AR5 AA 2 AFYAE A= 399 AP B

S5 3) 2025 2A8E93 24D, 2025. 05. 21 (), AFICC 17/25 A



About Vacuum drying test at KAERI
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o AXAAL AFAZAAE AA D A=

» Canister height: 0.5m, 1m, Beaker capacity: 600 mL, TC interval: 4.5 mm
* Initial water height: 1.8 cm, Inner diameter of the beaker: 88 mm

» VVacuum pump capacity: 100, 200, 400, 600 L/min

* Initial conditions of water: 40°C, 100g, « Evaporation area: 6082.12 mm=2
 VVacuum stage presence: presence or absence of stages, stage holding time

« Other physical properties used in calculations are based on NIST data

3
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AFTEADR) ALUAS L o]E€H 9T S A= AFTAZR A E A FS g3 H = §5%0) o2 AFS TS 2437
ATAAG T 2025 248543 Y =2ED, 2025. 05. 21 (3), AF 19/25 4
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KAERI 33 = A8

9 - -
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3 LA 3 22 Zul olo o x5 3 3 E I3 S
> SR AANAN ST ARG TRe] e APH 2R YL o] F S 3.
37 3 3l =- 3 o, SE. Z20] X ol 8 S
> BRAFRARDA HA3E Tl AR AR dF 2L F A= A2 7)d3.
Al o] ol 7zl o] u] EEEY ol o = s} = o 2 ol 3 5] &
> AA Al A Ziate] v Fg3 AYAITE e sto] ST o) e FAe] AgA o] =y, B
ol = 3 3k 2~ ol o
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I Step Depressurization (Traditional)

\- Hold at Phase Change Boundary (Hold time: 25min)
Hold at Phase Change Boundary (Hold time: 50min)
| I Step Depressurization at Phase Change Boundary

| Hold Time: Smin (5 steps)

‘- Step Depressurization at Phase Change Boundary

| Hold Time: 10min (5 steps)

Il Stcp Depressurization (Traditional)

Hold at Phase Change Boundary (Hold time: 25min)

Hold at Phase Change Boundary (Hold time: 50min)

[l Stcp Depressurization at Phase Change Boundary
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B 42933 2025 EA <3 H3FD, 2025. 05. 21 (), AFICC

- Step Depressurization (Traditional)

@ rup capacity change (600 to 400 L/min)

Il Pump capacity change (600 to 200 L/min)

@@ Pump capacity change (600 to 100 L/min)

- Pump capacity change (600 to 400 to 100 L/min)
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- Step Depressurization (Traditional)

- Pump capacity change (600 to 400 L/min)

Il Pump capacity change (600 to 200 L/min)

@@ Pump capacity change (600 to 100 L/min)

@ Pu.p capacity change (600 to 400 to 100 L/min)
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100 (at 10 torr)
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