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Demonstration programs for spent nuclear fuel dry storage have been carried out to produce important and confirmatory
data to support safety of dry storage systems and integrity of spent nuclear fuel stored in dry condition. The US initiated the
dry storage of spent nuclear fuel and has strict and explicit regulatory stipulations on the integrity of spent nuclear fuel in
dry storage. The US has carried out several notable demonstration programs for the initiation and license extension of dry
storage. At the very early stage of dry storage, the demonstration programs were focused on proof of the safety of dry stor-
age systems and a demonstration project called the dry cask storage characterization project was performed for the license
extension of low burn-up fuel dry storage. Currently, a demonstration program for the license extension of high burn-up fuel
dry storage is under way and is expected to continue for at least 10 years. Korea has not yet begun the dry storage of PWR
fuel and the US programs can be a good reference and can provide lessons to safely begin and operate dry storage in Korea.
In this paper, past and current demonstration programs of the US are analyzed and several recommendations are provided

for demonstration programs for the dry storage of spent nuclear fuel in Korea.
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Table 1. SNF dry storage demonstration at early stages

Locations (year) Organizations Storage system Loaded fuel Data collected
BWR fuel
Nevada Test Site <25 GWd/MTU - Temperature measurements at 64 locations using thermo-
' (1978) 1 We st]i)noﬁ(;use Sealegasstl?rage <125kW couples on the surface of liner and canister, and inside con-
& (from Turkey Point  crete (Fig. 1)
Reactor)
PWR fuel
Surry Power Station DOE, EPRI, <35wt% .
(1986) Virginia Power CASTOR V21 _ 35 GWIMTU Personnel dose by activities
<1kW
- 76 thermocouples for temperature measurement (Fig. 2)
Heater, - Temperature of DSC (dry storage canister), transport cask,
H.B.Robinson Power Carolina Power and NUHOMS PWR fuel and HSM (horizontal storage module)
Station light company, 29wt% - Temperature and velocity of air at the inlets and outlets
(1988) DOE, EPRI 31-34 GWdMTU  of HSM
692-832 kW - Pressure of DSC
- Dose rate on and 3 ft away from the HSM
- Temperature measurements using thermocouples
* Fuel, basket, external surfaces of metal casks
o (71~106 locations)
\V/\;ir;gclg;as;ogzzric C AI\SL%SRIZ\QE/’ZI * Air inlet, outlet, canister, fuel, basket, liner, concrete in-
INEEL Power Compan REA 2023 ’ side and surface of VSC-17 (98 locations)
(1984) Sierra NuclfI:)ar Y, MC-10 ’ Refer to Table 2 * 3 backfill gases (Helium, Nitrogen, Vacuum)
Corporation Vs C-17, » Vertical and horizontal orientations
Dorg EPRI’ N2 4P’ * 3 backfill gases (Helium, Nitrogen, Vacuum)

- Dose rate measurements using TLDs, TEDs, portable do-
simeters, spectral measurement
- Cask cover gas sampling for fuel rod integrity check

Table 2. Spent fuel assembly characteristics used for INEL demonstration [11]

Cask REA-2023 CASTOR V/21 TN-24P TN-24P® MC-10 VSC-170
Fuel type BWR PWR PWR PWR PWR PWR
Assembly type 7%7 15%15 15%15 C"nlss"xhld;ted 15%15 C"riss"xlildsated
Burnup (GWd/MTU) 2428 24:35 29-32 24:35 24:35 26-35
Cooling time (yrs) 2334 2238 42 62-12.2 4.6-10.1 8.8-14.3
Enrichment (wt %) 25 2931 2932 1932 1932 25632
Assembly decay heat (W)~ 235-370 1000-1800 832-919 701-1185 400-700 700-1050
Average (W) 290 1350 860 970 530 877
Cask (kW) 152 284 20.6 233 12.6 149

(a) Performance test using consolidated fuel

JINFCWT Vol.15 No.2 pp.135-149, June 2017 139
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GASKET STORAGE CASKCOVER ~ CANISTER & LINER EXTERNAL A B C

D
SURFACE THERMOCOUPLE LEADS
(10T/C on Conister Outside Surface)
(6 T/Con Liner Outside Surface)

LIGHTNING PROTECTION SYSTEM

REINFORCING BAR

Al Ll 2 w12 ]
CONCRETE SHIELD PLUG b 23

(Top Lifting Bail Removed 2t
& Instrumentation Installed)

-THERMOCOUPLE LEAD
JUNCTION BOX

CANISTER SUPPORT PIN

SEALED STORAGE CASK
THERMOCOUPLES
(Cast In Place Attached
X To Reinforcing Bar Hoops)
SEALED STORAGE CASK
LIFTING TRUNNION (4 Total)
STRAIN GAGES (MOUNTED
TO REINFORCING BAR)

BWR FUEL ASSEMBLIES

ot N | SEALED STORAGE CASK SectionA-A  SectionBB  SectonC-C  Section D-D

(a) TC locations inside DSC

REINFORCED CONCRETE
FOUNDATION PAD

SEALED STORAGE CASK
ANCHOR BRACKETS

23

1

Thermocouple Identification

614927-1FB Canister C-2-xx
Module H-2-xx
(a) Concept of SSC | HeatShield HS2x
(b) TC locations of center HSM
6=0" (CANISTER)
=
CANISTERT/CTUBE %\\@\ ONCRETE
CANISTER

) CANISTER R EONIEC
INTERNAL CUBES
CASKNORTH  SUPPORT 5
. 6=0"— cace B
PWR FUEL
ASSEMBLY LINER
LINERT/C
4QUADRANTS

Thermocouple Identification

g : i Canister C-3xx
& . Module H-3-xx
= o HeatShield  HS-3-x

LINERT/CTUBES

(b) Locations of thermocouples in SSC
(c) TC locations of side HSM

Fig. 1. Sealed Storage Cask demonstration at Nevada Test Site [10]. Fig. 2. Thermocouple installations for NUHOMS demonstration

at H. B. Robinson [12].

140 JINFCWT Vol.15 No.2 pp.135-149, June 2017



Sanghoon Lee et al. : Review of Spent Nuclear Fuel Dry Storage Demonstration Programs in US

= S

AAYNES 2F BEAT

NG R FEEA Grhslol

HEH 02 AT} SEI, INLIA AFE-E 6714 8]

27] AFAT R FAE 34 vl AR

E % 273 CASTOR V/21 £7] 2

o137} AA-S 93 AAAA

A7} A (Dry Cask Storage Characterization Project; ©]

&} DCSCP) | ARg-#th. DCSCP o] F- 37| AF Aol A

28 8758 25 AEE-5 o] INLY] Idaho Nuclear Tech-
nology and Engineering Centerol] 2.3 Z-o|t} (Fig, 3).

Jlm%’&

3.2 AXAZ S4%7 A

(Dry Cask Storage Characterization Project)

njEolld Hxe AAAGE AR w SHAZTEA
(Independent Spent Fuel Storage Installation) ] ¢15]7} 7]
7He A 206d 019 o 19821 NWPAS] A| A€ 7]3ke]] gt
Fol ARSI AR HF Ad FHI} o] FolAA] ghod
A A7 QdE7E Adslord ot i E A o] w <l
57F 1S flete] g 7leA 27, § AR L
g o] oA B ARSI AR S Bl5do] e Qls]7t 7]
b ERtele grIE d Aolgke AS A fg AF
2 dlolg] o] gRE fJsto] F31H Z2AET} DCSCPot,
Z2AE A= 77 INLell A7 5 o] QE CASTOR V/21

o

JINFCWT Vol.15 No.2 pp.135-149, June 2017

719 A

2 A5l e W A=

AR ALgI o m §71% dol 87 v, 9%
£2 595ttt of @l vl 2 A
77} 2 A2 271 Qo) shtel o

hul

2R —T—Z‘l% F ’é%

)

DCSCPE DOEQ]- EPRI, 12]il NRC 3502 F
A om FAle] 71A el Zd Heke (D15dolzh
e 8719 A4 sl A5 AN 5 9
st wlAYFo] WEsty] Fadk ARbelH (2)wkeF 15
Ffrelg dsp) sk egtehE ke A%k (20-40
W) Bekolw eshh WASHA 9k Holehs Azholont.
CASTOR V/21 A5 &7]9& Surry 20 54 3
THOZ 35 GWd/MUL] ALEE 7HAE PWR Zircaloy-4
s8] AT AR HARYOH o] TRAEE INL
(FA] INEEL)¥} ANL (Argonne National Laboratory) F 1
TaoM FreAog sl INLolM = 871 W, 2%
9 Amohdel old HAL, A7 =] 72 ek, AP '
Al(radiation survey), 87| W &3k 712~ BX 58 S35}
ek, AL F 1271 8] ARE-S 1E3ke] ANLE 7535 31o
B ANLOAE 57)2) 7412 Bate] s aeke] dehE A
S ZAS S, ZAR R0 2 s Zedeis
£ 59 2olz W 4, 2oieh 2 @R
sy A 3,

=
>

oo
offf 1 N, rin

r&r

141



Sanghoon Lee et al. : Review of Spent Nuclear Fuel Dry Storage Demonstration Programs in US

Table 3. Summary of inspections performed in INEEL during DCSCP

Inspection method

Observations

- Concrete structural integ-
rity inspection according
to ASTM-C805-94

- Visual inspection

- No sign of concrete degradation
- No spalling, exposure of aggregates

- Remote visual inspection
using video camera

- Remote visual inspection
using video camera

- Remote visual inspection
using video camera

- Visual inspection and di-
mension measurement

- Remote visual inspection
using video camera

- Mini-camera with light-
ing apparatus attached at
one end of a 4.5 m pole

- Visual inspection using
remote mini-camera after
removing fuel assemblies

- Check any sign of crack
initiation or growth in
weld region

- Small amount of corrosion on the surface of cooling fin
- Minor superficial rust on cask exposed surfaces
- Heavy corrosion in one of the bottom plate attachment bolts

- Alllid bolts in good condition with no sign of degradation, crack, thread defects

- Good condition but small (<0.5 mm) indentation found in metallic o-ring
- Minor scratch on the o-ring sealing surface suspected as
- No corrosion, pitting, rust

- No significant defects on the nickel-plated sidewall except a few isolated minor

- No evidence of any corrosion, cracks, or flaws in the nickel plating, such as
blistering or delamination in the floor, corner or sidewall of the cask

- Particulate debris on the cask floor mostly steel silver or steel oxide particles
from fuel tubes and weld parts inside the cask

- No evidence of crack initiation in addition to those made in early stage thermal
performance tests
- No evidence of crack growth

Item Inspected
Concrete pad
Exterior
Lid bolts
O-rings
Cask
(Castor V/21)
Interior
Fuel basket
Length
Bowing
Fuel
Cladding
failure
Crud coating

- Measure distance  be-
tween top nozzle and end
cap of fuel rod

- Remote visual inspection
using video camera

- Gas sample analysis
(during storage)

- Remote visual inspection
using video camera

- Remote visual inspection
using video camera

- Consistent pattern observed
- Thin, uniform coating of light-colored adherent oxide on upper part of fuel

- Gray mottling underneath

- Max 1.2 cm variation in unpredictable pattern

- Gap between rods less than 50% of nominal value (3.58 mm)

- No fission gas release into the cavity of cask
- No sign of crack, corrosion on the surface of cladding

Radiation survey

-Gamma and neutron
dose rate measurements
around cask

- Much less radiation dose rate measured due to decay of radioactive isotopes

Gas survey

- Mass spectroscopy and
gamma  spectroscopy of
cask backfill gas samples

- Small amount of air volume (<2%) detected
- Inconsistent Kr, “CO, data (bigger than detection limit, but does not imply fuel

142
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Table 4. Summary of inspection performed at ANL during DCSCP

Item inspected Inspection method

Observations

- Linear profilometry traces of each rod
made at 0, 45, 90, and 135° relative ori-
entation at 2.5-mm intervals

Profilometry

- Measurement of rod internal pressure

Gas analysis . .
Y - Void volume and fission gas release

- Pellet condition check using ceramogra-

Fuel pallets phy with etched specimens
- Photomicrographs at eight azimuthal lo-
Oxide thickness cations evenly spaced around the clad-

ding

- Leco fusion extraction analysis for hy-

Hydrogen contents
drogen contents

- Photomicrographs with etched speci-

Hydride orientation
mens

Micro-hardness - 200-g Vicker indenter test

- Special creep life tester composed of
furnaces, pressurizing systems, and tem-

Residual creep life perature controller

- Similar profiles for all 12 rods
- Creep down (0.06+0.01 mm decrease at 1 m from the botton)

-3.43t03.61 MPaat27C
-19.531020.39 x 10 m?
- 0.4 to 1.1% of fission gas release

- No evidence of condition change during storage

- Thicker than the Turkey point rod but within 5-40 pum range (typical for this
medium burnup fuel)

- 250440 wppm, 300+25 wppm, 255+14 wppm at three elevations

- Very small amount of hydride oriented in radial direction
- No evidence of significant re-orientation

- No discernable radial, azimuthal or axial variation in hardness
- 234418, 23945, 236+10 at three elevations

- 1% creep strain under 400°C /190 MPa test in 1873 hours
- 5.83% creep strain under 400C /250 MPa in 693 hours with no sign of bulg-

- 10 tests planned but 5 conducted ing
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Table 5. Available High Burnup Fuel Assembly Types for demonstration
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Burnup Range

Number of Assemblies

Last

Cladding Material (GWDMTU) Available Irradiation Manufacturer Assembly Type
Standard/ Low-tin Zircaloy-4 53-58 3 1989 Westinghouse Lo-Par
Zirlo 51-55 20 2004-2007 Westinghouse VSH
M5 52-67 11 2001-2010 AREVA AMBW
Low-tin Zircaloy-4 49-50 3 1994 Westinghouse V5H
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Table 6. Data collected at North Anna site for High Burn-up Confirmatory Data Project

Data Purpose

Measurement frequency

Fuel assembly exterior

condition - Confirm no visual defects

- Benchmark best-estimate thermal models

- Assess safety margins on peak cladding temperature

- Provide data for rod internal pressure calculation

- Determine the fraction of cladding prone to hydride reorientation

- Determine the fraction of cladding having temperature below DBTT
- Determine the timeframe a cladding will enter the DBTT range

Temperature inside and
outside cask

Gas pressure . .
p transient period

- Measure water content inside cask to check the amount of residual water
- Measure oxygen content inside cask to see the effectiveness of drying and

Gas composition backfilling

- Provide baseline for comparison after storage

Before and after storage

- Every minute during initial drying pro-
cess and thermal transient period (~ 2
weeks)

- Twice per day during the long-term
storage period

Monitor the cover gas, and provide a gas pressure profile during the thermal

- Two times per week during the 2 week
thermal transient period

- No measurement during the long-term
storage period

- Measure hydrogen content left after the completion of drying and gener-

ated due to radiolysis
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Fig. 4. Thermocouple installation for high burnup confirmatory data project [7].

Table 7. Time schedule of High Burn-up Fuel Confirmatory Data Project [15]

Date Activities
December 2014 Completion of the Design Basis Licensing Document
January 2015 Areva M5 sister rods pulled
June 2015 Westinghouse low-tin Zr-4, Zr-4, and Zirlo rods pulled
July 2015 Submit License Amendment Request to the NRC
First Quarter 2016 Ship sister rods to DOE laboratory
January 2017 NRC review complete
March 2017 TN-32B cask delivered to North Anna site
June 2017 Dry run and functional tests complete
July 2017 Cask loading complete - begin initial monitoring
August 2017 Cask moved to the storage pad - begin long term monitoring
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