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EXECUTIVE SUMMARY
Over the last 25 years over 1500 dry cask storage systems have been loaded with
spent nuclear fuel at commercial light‐water reactor sites around the U.S. (e.g., Fig.S‐1).
These dry cask storage systems contain approximately one quarter of the 65,200 MTU of
spent fuel accumulated by December 2010; this proportion increases with time as spent
fuel pools fill up and long‐cooled spent fuel is moved to dry storage to make room for
freshly discharged fuel. Although examination of fuel at 36.5 GWd/MTU after dry storage
for 14.2 years indicated no adverse effects of storage on the fuel or its dry cask, the
considerably longer storage times now being considered, higher fuel discharge burn‐ups,
and external environmental factors, raise concerns about the long‐term performance of dry
cask storage systems and the spent fuel they contain.
To help address these concerns the present report fulfils the requirement for Task 3
of the U.S. Nuclear Regulatory Commission’s Office of Nuclear Regulatory Research Job
Code V6060 “to inform NRC regulators of the monitoring and inspection requirements and
available capabilities to monitor performance of long‐term dry cask storage systems.”
First, to set the scene, the history and the
types of dry cask storage system that have been
developed and used in the U.S. are briefly
described, as are present regulations regarding
monitoring.
Secondly, the prior performance testing
of dry cask storage systems in the U.S. and
Japan, including the examination of spent fuel
to determine the effects of storage, and current
areas of investigation into cask stability are
reviewed. Such review clarifies what needs to
be monitored.

Fig.S-1. Forty-three NAC-MPS dry casks
containing the total spent fuel inventory of
the decommissioned Connecticut Yankee
reactor (Courtesy: NAC International, Inc.)

Thirdly, potential methods for moni‐
toring dry cask storage systems are discussed
at length. The methods are categorized by the
parameters (or phenomena) being monitored, which include: fuel failure, fuel relocation,
system cooling, canister temperature, canister corrosion, canister leakage, bolted cask
leakage, structural stability of concrete over‐packs, and surface γ dose rate.
The methods are ranked according to their state of development, i.e., whether they:
(i) are currently used in the field, (ii) are likely field deployable in the near term (in 1‐3
years), or (iii) need longer‐term development (4 or more years) and then probable use in a
dry cask demonstration program. Table S‐1 summarizes the potential methods of
monitoring dry cask storage systems; the table identifies the relevant sections in the
document where the methods are discussed.
v

Table S-1
Potential Methods of Monitoring Dry Cask
Performance during Normal Operation

Parameter/
Phenomenon
Fuel
failure
Fuel
relocation

Monitoring Method/Stage of Development
Current Field
For Near-Term
For Longer-Term
Practice
Field Deployment
Development
Pitch-catch speed of
sound (SoS) across
Current method
None
canister gas space1
sufficient
[§5.6]
Changes in DCSS
γ tomography of DCSS
thermal and γ images
None
[§5.7.3]
[§5.3.5; §5.7.1]

Canister
temperature

Inferred from T/C reading
at surface and COBRA
calculations

Change
in DCSS
cooling

Inspection of cooling
vents for debris

Canister
corrosion

None

Canister
leakage

None

Bolted
cask
leakage

Alarmed on ΔP
in space between
inner and outer lids

Overpack
structural
stability

Visual inspection
of concrete surfaces

Surface γ
dose rate

Routine radiological
surveillance of DCSSs

2

Thermal imaging
using borescope
[§5.3.5; §5.4.1]
Temperature-indicating
RFIDs and/or SoS devices
in vents [§5.8.2]
Borescope inspections;
SaltSmart™ coupons
for brine deposits
[§5.4.1]
Outlet air monitored for
increase in SoS due
to helium leakage
[§5.5]

U/S or fiber optic
temperature sensors
on canister surface
[§5.3.3; §5.3.4]
Current methods
sufficient
Miniaturized EMAT
monitoring of welds
and surface layers
of canister [§5.4.2]
ΔTBT using fiber optic
temperature sensors
on canister [§4.3.2.2]
to annunciate large leak
(vertical DCSSs only)

Current method
sufficient
Programmed visual
inspection; Schmidt
Hammer; γ imaging
[§5.7.1; §5.8.1]
Integrate with visual
inspection [§5.4.1] and
γ imaging [§5.7.1]

U/S pulse velocity;
Smart Pebbles™
[§5.8.1; §5.8.2]
Integrate with DCSS
γ tomography

Xenon and krypton from failure(s) will reduce SoS in helium fill gas,
method works only if unobstructed path for sound exists across canister gas space.
2
Welded inner and outer lids assumed to preclude canister leakage.
1
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We conclude that a variety of non‐obtrusive methods are feasible for the long‐term
monitoring of dry cask storage systems. Methods range from measuring the speed of sound
in air as a means of detecting helium leaks from canisters to traditional non‐destructive
examination methods for determining structural integrity of concrete.
Some methods—such as monitoring overheating by measuring the speed of sound
in the cooling air that exits a dry cask storage system—could be developed and usefully
deployed rather quickly at independent spent fuel storage installations. Other methods,
such as SaltSmart™ coupons to measure salt deposition on canisters (to be used in field
trials later this year), may need refinement before widespread use. Yet other methods, like
the use of γ‐ray tomography for detecting fuel relocation, require not only further R&D but
also expensive equipment. They may be more applicable to the dry cask demonstration
program being considered by the Nuclear Regulatory Commission than to use in the field.
Specific recommendations regarding monitoring of dry cask storage systems are:











Electromagnetic acoustic transducers should be actively pursued for detecting
canister corrosion because they can monitor the condition of welds on the inner
side of a canister wall and because they do not require a coupling medium.
The current method of monitoring for a leak in bolted dry casks by a change in
pressure in the space between inner and outer lids has worked well and needs
no improvement.
Measuring the speed of sound to determine helium leakage from canisters, air
temperature, and possibly fuel failure should be developed as a usable method
by miniaturizing current “pitch‐catch” ultrasonic cavities for use in the field.
Detecting fuel failure by Kr‐85 activity warrants minimal further development
because the isotope’s 10.7‐year half‐life restricts its use to cooling times less
than about fifty years.
Visual inspection and thermal/γ imaging of dry cask storage systems need to be
automated to allow reliable detection of change in fuel configuration.
Methods now used to monitor the integrity of concrete buildings and bridges
should be further evaluated for application to dry cask storage systems. The
Schmidt Hammer test, the indirect measurement of ultrasonic pulse velocity, and
Smart Pebbles™ that can detect chloride intrusion are promising techniques.

An overall recommendation is that:


Monitoring methods must be carefully evaluated for application to the unique
geometries and limited component clearances in dry cask storage systems.
vii
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1.

Background

A consequence of the growth in nuclear power in the U.S.—combined with a 1976
policy decision not to pursue reprocessing of commercial spent nuclear fuel (SNF)1—has
been the accumulation from 1960 to the present time of large SNF inventories at reactor
sites. Because spent fuel pools were never intended for permanent storage, they are
gradually reaching their limit on capacity, despite re‐racking of assemblies.
To combat the lack of wet storage utilities began from 1985 to dry long‐cooled SNF
and store it in an inert atmosphere in various designs of metal and concrete “dry casks” at
facilities known as independent spent fuel storage installations (ISFSIs), co‐located with
reactors. By the end of 2010, the total U.S. inventory of SNF was 65,200 metric tonnes of
uranium (MTU) [1], distributed as shown in Fig.1. About one quarter of this SNF is dry
stored at ISFSIs.2 The fraction of SNF in dry storage will only increase with time.

Fig.1. State-by-State Inventory of Spent (Used) Nuclear Fuel in MTU as of December 2010;
courtesy: Nuclear Energy Institute (NEI).

In anticipation of the opening of a national repository by the late 1990’s, the Nuclear
Regulatory Commission (NRC) licensed the use of dry casks for an initial period of twenty
years, with the possibility of license extension. In 1999 an extensive examination was
performed on low‐burn‐up fuel from the Surry pressurized water reactor (PWR), which
had been stored in a helium‐filled Castor V/21 all‐metal bolted cask for ~14 years [2‐4].
The examination is described in §4.2.3; briefly, it showed that:
1

A decision still in force today.
As of December 2010, there were 48 ISFSIs with general licenses, 15 with specific licenses, and ten reactor
sites pursuing general licenses. Fifteen ISFSIs were associated with permanently shutdown reactors; at six of
these ISFSIs the reactor no longer existed, a so‐called ‘ISFSI only’ or ‘orphan’ site.
2
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The cask displayed no signs of physical deterioration or gas leakage;
The concrete pad under the cask had experienced no degradation or sagging;
Twelve fuel rods that were examined exhibited (i) no cladding creep or
additional fission gas release attributable to the storage, (ii) no evidence of
hydrogen pickup or radial hydride reorientation in the cladding due to
storage, and (iii) little, if any, annealing of the cladding.

When the national repository at Yucca Mountain was delayed these encouraging
results allowed the NRC to grant license extension for dry cask storage systems (DCSSs) on
a case‐by‐case basis, beginning with the Castor V/21 DCSS. Today, DCSSs at the Surry ISFSI
have stored SNF for times approaching 30 years, while the average time for all dry‐stored
SNF is in the region of 15 years. During this broad experience there have been no safety
incidents with DCSS’s at any of the sixty‐three current ISFSIs.
With cancellation of the Yucca Mountain repository and no clear path forward for
SNF disposition emerging from the report of the Presidential Blue Ribbon Committee on
America’s Nuclear Future [5], dry‐cask storage of higher‐burnup fuel for times greater than
orginally envisioned for SNF before final disposition. Mechanisms for degradation of DCSSs
inoperative in the short term may become important to the safety functions of the system,
structure or components (SSCs) over such a prolonged period. For example, excessive dry‐
out of concrete in an arid climate, corrosion of concrete rebar in a marine climate, or stress
corrosion cracking (SCC) of welds on storage canisters need to be considered, and, if
possible, monitored. Monitoring DCSSs is the subject of this report.
2.

Scope of Study

Over the last 212 years, long‐term dry storage has been the subject of several expert
evaluations; for example, Electric Power Research Institute (EPRI) workshops in November
2009 and December 2011 [6,7]; a report by the U.S. Nuclear Waste Technical Review Board
in December 2010 [8]; and an NRC‐sponsored review by Savannah River National Lab‐
oratory (SRNL) of materials aging issues and aging management for extended storage of
SNF in May 2011 [9]. In addition, programs dealing with long‐term storage of SNF are
being pursued both by EPRI [10] and the U.S. Department of Energy (DOE) [11].
The present document requested of Argonne National Laboratory (ANL) by the NRC
discusses ways to monitor the performance of DCSSs over extended periods of time. It can
thus be considered a companion document to the SNRL review on materials aging issues.
The ANL document begins with a brief survey in Section 3 of the major designs of
DCSSs for SNF that have been developed and used by the industry in response to the
growing lack of storage space in spent fuel pools. The diversity of designs was described
fully in a recent EPRI publication [12]. This section also describes current field monitoring
of DCSSs and SNF handling.
Section 4 summarizes previous dry cask performance testing and demonstration
projects in the U.S. and in Japan. Although techniques are available for monitoring the
condition of DCSSs, there will be a need for periodic removal and inspection of a typical
2

assembly and a sample of its fuel pins from a demonstration DCSS in order to supply a
baseline against which monitored parameters can be compared. The results obtained on
the Surry Castor V/21 DCSS and its payload of PWR assemblies after 14.2 years dry storage
are described to illustrate what can be accomplished by periodic inspection.
Section 5 discusses the general requirements for a Dry Cask Demonstration Project
(DCDP), and continues with a discussion of possible monitoring techniques. Section 6 gives
a summary and recommendations.
3.

Dry Cask Storage System Designs

A variety of DCSS designs have been developed by the industry and licensed by NRC
since the mid 1980’s. The history of this development is described in Ref. 12. Designs are
divided into two major types: those with welded metal canisters of SNF, and those with
bolted metal casks of SNF. Table 1 summarizes the types and numbers of DCSSs in use in
the U.S. over 2009‐2012 [13‐15]. Appendix A itemizes this U.S. experience by DCSS vendor
and by utility, as of February 2012 [15].

Table 1. Dry Cask Storage Systems in Use in the U.S. 2009-2012

Type

Welded
Canister

Bolted
Cask

Cask Configuration/
Nomenclature

Number of Casks
March
April February
2009
2010
2012

Reinforced Concrete Overpack
VSC, W150
NAC UMS and MPC
TranStor
Bolted Metal Overpack
HI-STAR 100
Metal/Concrete Overpack
HI-STORM

Cask Vendor

66
211
34

66
232
34

66
266
34

BNG Fuel
Solutions
NAC

12

12

12

Holtec

225

280

394

Holtec

Horizontal Concrete Module
NUHOMS

412

463

603

Transnuclear

Subtotal

960

1087

1375

2
128
26
1

2
133
26
1

2
145
26
1

Subtotal

157

162

174

Grand Total

1117

1249

1549

NAC-128
TN
CASTOR
MC-10

3

NAC
Transnuclear
GNS
Westinghouse

A noticeable feature in the use of DCSSs has been the gradual switch from bolted
DCSSs to ones with double‐lidded, double‐welded canisters for SNF in order to minimize
cost. Today, welded canisters represent 89% of all deployed DCSSs. Of course, bolted
DCSSs will remain in service until final disposition of their SNF and must be monitored
despite their dwindling proportion in the total population.
The most frequently used welded‐canister type (NUHOMS) and bolted‐cask type
(TN) of DCSS are briefly described in order to contrast their differing geometries and the
likely differing requirements for monitoring them.
3.1

Transnuclear NUHOMS‐24P DCSS

In the most popular welded‐canister DCSS—the NUTECH horizontal modular
storage (NUHOMS) system—SNF assemblies are contained in a steel “dry shielded
canister” (DSC) with two welded lids (or cover plates), an inner and an outer. Figure 2A
shows the DSC for storing twenty‐four PWR assemblies, the NUHOMS‐24P design.3 Using a
transfer cask a loaded DSC is inserted horizontally with a hydraulic ram into a concrete
“horizontal storage module” (HSM), located on a reinforced concrete pad (Fig.2B).
The HSM is assembled on‐site from prefabricated reinforced concrete slabs, three‐
feet thick. The DSC is stored horizontally on a steel support frame inside the HSM and is
cooled by a flow of air entering the bottom and exiting the top of the HSM via shielded
vents. The vents have wire‐mesh screens to inhibit intrusion of debris and possible
blockage of air flow. A heat shield is positioned over the horizontal DSC to minimize
heating of the concrete roof slab of the HSM. An ISFSI normally contains HSM’s that are
assembled in multiples of two back‐to‐back units that share common, two‐feet thick
interior walls. More details can be found in vendor presentations [16,17].

Fig.2. The NUHOMS-24P DCSS (Courtesy: Transnuclear Inc.)
A: The double-lidded dry shielded canister (DSC) for 24 PWR assemblies;
3

Variants include DCSSs for 32 PWR assemblies, and for 52 and 61 BWR assemblies (see Appendix A).

4

Fig.2. The NUHOMS-24P DCSS (Courtesy: Transnuclear Inc.)
B: A four-unit horizontal storage module (HSM) containing DSC’s.

3.2

Transnuclear TN‐68 DCSS

The TN‐68 dry storage cask is typical of the most frequently used bolted‐canister
design of vertical DCSS. This DCSS is sized to accommodate sixty‐eight BWR assemblies4
and is licensed to store fuel at 60 GWd/MTU, after a minimum cooling time of seven years
[18]. The cask is shown schematically in Fig.3.
As shown, SNF assemblies are contained in a borated steel basket within the TN‐68
cask body. This body—the primary confinement of SNF—is a welded carbon steel cylinder,
with a welded carbon steel bottom and a forged and welded flange top. A flanged lid is
bolted to the cask body with a metallic gasket as the primary closure. An outer secondary
closure is a lid that is gasketed and bolted over the top of the primary lid; the space
between the lids is pressurized to detect helium leakage from the cask interior.
In October 2010 helium leaks were detected from two TN‐68 casks (with bolted
lids) at Exelon’s Peach Bottom BWR [19]. One of the leaks from a main outer lid seal
appeared to require unloading the cask’s SNF. The other leak was associated with a drain
port cover weld, which will simply be repaired. Neither leak released radioactivity and both
leaks were successfully detected by the monitoring system for leak tightness. Both leaks
were classified as ‘very small’.

4

Variants include DCSSs for 32 and 40 PWR assemblies (see Appendix A).

5

Fig.3. The Transnuclear TN-68 DCSS (Courtesy: AREVA).

3.3

Field Monitoring of DCSSs and SNF Handling

Current NRC regulations require that DCSSs must have the capability for continuous
monitoring in order to determine when corrective action must be taken to maintain safe
storage conditions [20], as well as to be able to test and monitor components important to
safety. In practice, however, many components important to safe storage of SNF are not
monitored or tested. These include the fuel, cladding, neutron poisons, fuel baskets, and
fuel assembly hardware. It is assumed that the continued effectiveness of these com‐
ponents during dry storage for the current licensing extension periods (~40 years) can be
demonstrated through analysis and testing before loading casks and by integrity of the
canisters/casks. The technical basis for projected longer term storage is being developed
by the NRC.
The functionality and effectiveness of components that provide radiation shielding,
as well as those related to overall structural integrity (neutron shielding, overpacks/
storage modules, and concrete pads), are ensured by periodic visual inspections and/or
measurements taken with portable equipment/instrumentation. If necessary, remedial
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action can then be taken. Continuous monitoring is, in general, only applied to components
and structures that are directly related to confinement. Monitoring the pressure of the dry
storage canisters/casks is one approach to detecting the loss of confinement. However, this
can only be implemented for certain casks with bolted lids.
According to current NRC guidance the continuous monitoring requirements for
DCSSs can be satisfied by routine surveillance programs and active instrumentation [21].
The NRC staff also accepts that double‐lidded canisters closed entirely by welding do not
require monitoring of the seals, because “a potential leak path must breach two independent
welds, sequentially, before the confinement system would be compromised” [22]. For bolted
casks the integrity of the confinement is monitored by measuring the pressure in the space
between the inner and outer top closure lids through a monitoring port in the outer closure
lid. Hermetically sealed penetrations are provided in the support and cover plates to bring
out the leads for the pressure monitoring system.
For welded canisters, the testing ports and other penetrations of the lids are sealed
after drying, inerting and testing have been completed, and during actual dry storage no
monitoring instrumentation is retained to check for leak tightness [23].
In addition to visual inspections, radiation surveys and confinement/pressure
monitoring, temperatures are measured by the operators of some DCSSs having concrete
over‐packs or storage modules [23]. These systems have air inlet ports at the bottom of the
module and exhaust ports at the top. This permits natural convection cooling of the cask or
canister. At a minimum the exhaust air temperature at the top of the cask/module is
monitored. Significant increase in this temperature indicates overheating of the storage
cask/canister. The air inlet and outlet ports are also inspected daily for blockages and
remedial action taken when necessary. In DSCCs using concrete modules to house canisters
of SNF (i.e., NUHOMS) the temperatures of the metal heat shields protecting the interior
concrete surfaces may also be monitored. Again this can indirectly indicate canister
overheating.
The major handling of fuel assemblies, casks and canisters for DCSSs occurs during
cask loading and unloading, and transport to and from the storage pad/module. The actual
procedures to accomplish these tasks are complex and depend on the specific DCSS design.
Typically the following major steps are involved in a fuel loading operation:






A storage (or transport) cask together with its fuel canister is placed in the
SNF pool.
Selected SNF assemblies are placed in the submerged cask/canister.
The cask/canister is lifted from the pool and drained of water. Draining or
pump down of water may be assisted by pressurizing with nitrogen or helium
and may proceed in multiple steps.
The cask/canister is closed by welding or bolting the inner lid to the cask/
canister body. If necessary, remaining water is then drained.
Moisture from the interior is removed by drying. Drying includes both
vacuum drying and purging with inert gas and may be repeated until the
pressure in the isolated system remains below a specified limit.
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The canister is backfilled with helium, leak tested and the outer lid welded (or
bolted) to the casks. For bolted casks the free space between inner and outer
lid is evacuated, backfilled with helium and instrumentation installed for
monitoring pressure.
The cask/canister is transported to the storage facility and either placed
directly on the concrete pad vertically, or inserted horizontally into a concrete
module.

During these operations radiation will be encountered and it is constantly
monitored to ensure that ‘as low as reasonably achievable’ (ALARA) conditions are
maintained. Obviously during all purging, pump‐down, backfilling, vacuum drying and leak
testing operations the appropriate pressures must be monitored. Temperatures are
monitored during many stages of these operations, but most importantly during the drying
operation so as not to exceed critical limits and cause permanent degradation of the
cladding. If specified system temperatures are exceeded, remedial action is taken. During
welding of the inner lid/shield‐plug continuous hydrogen monitoring is required. If the
hydrogen concentration exceeds 2.4%, all welding is stopped and the canister interior is
purged with inert gas.
4.

DCSS Performance Testing and Demonstration Projects

4.1

Early US Performance Testing

4.1.1 Tests at Nevada Test Site
The earliest DCSS performance testing was carried out at the Nevada Test Site (NTS)
in 1978 as part of the Spent Fuel Handling and Packaging Program Demonstration. This
program was aimed at developing capability to encapsulate commercial SNF assemblies in
canisters and to establish by testing the suitability of concepts for interim dry surface
storage of SNF. To develop thermal models, tests were performed with a sealed SNF cask in
the Engine Maintenance, Assembly and Disassembly facility at NTS [24].
A PWR spent fuel assembly, three years out of the reactor (25 GWd/MTU, 1.25 kW
power), was sealed in a stainless steel canister. The canister was placed in a carbon steel
liner and then in a reinforced concrete cask. The sealed storage cask was then placed
vertically on a concrete pad. Thermocouples were placed on the outside of the canister, the
outside of the steel liner and were embedded in the concrete of the cask. A thermal model
of the sealed storage cask was developed and its predictions were found to be in good
agreement with transient and steady‐state test data.
4.1.2 Tests at H.B. Robinson NGS
To confirm thermal and shielding models, another DCSS demonstration program
was performed (1988‐1989) at the H.B. Robinson Nuclear Generation Station (NGS) of the
Carolina Power and Light Company using a horizontal NUHOMS DCSS that originally had
three modules with 21 SNF assemblies [25]. Before using actual SNF assemblies, electric
heaters were used to perform experiments with both normal and blocked flow of air.
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Seventy‐six thermocouples were used in both the electric heater and the SNF assembly
tests. The thermocouples measured ambient, outlet air, canister, heat shield and concrete
temperatures. Two canisters were instrumented with thermocouples on the outer shell of
the canister, end caps, and in the center of five guide tubes of the fuel assemblies. To
maintain canister leak tightness, the thermocouple leads were routed out of the canister
through a special fitting.
4.2

Later U.S. Performance Testing

Later DCSS demonstrations in the U.S. were performed at the Idaho National
Engineering and Environmental Laboratory (INEEL)5 starting in the mid‐1980s. Six DCSSs
were shipped to INEEL in the 1980’s and stored there on a concrete pad (Fig.4). Two
DCSSs—a VSC‐17 cask containing a welded canister of consolidated (disassembled) fuel
from the Surry and Turkey point PWRs [26], and a Castor V/21 bolted cask containing 21
whole PWR fuel assemblies from the Surry reactor—were loaded in 1985 and subjected to
thermal tests to validate thermal performance codes such as COBRA‐SFS [27]. The VSC‐17
cask was heavily instrumented with 95 thermocouples, and was used to check out
temperatures under normal operation and for various configurations of blockage of the
vertical air flow around the fueled canister. The Castor V/21 DCSS had a thermocouple
‘lance’ that allowed temperature measurements in a central fuel assembly only [28].

Fig.4. DCSSs at the INEEL in 2003.

4.2.1 Thermal Tests of the VSC‐17 DCSS
The tests included assessment of thermal performance with a full load of
consolidated fuel in seventeen channels in the so‐called multi‐assembly sealed basket
(MASB) for four ventilation blockage conditions, and for vacuum, N2 and He backfill
environments. Measured temperatures are given in Table 2. Reasonable agreement was
obtained between measured temperatures and those predicted by the COBRA‐SFS code.
Fuel burnups were 27‐35 GWD/MTM and cooling times were 8‐15 years.

5

Known as the Idaho National Laboratory (INL) since 2005
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Table 2. Peak Temperatures for the VSC-17 DCSS
Loaded with Consolidated Fuel*
Run
Backfill/
Number Vent Blockage
1
2
3
4
5
6

He/None
He/ Half inlets
He/All inlets
He/ In&Outlet
N2/None
Vacuum/None

Measured Temperature (oC)
DCSS Est. Peak Liner Canister Peak
Surface Concrete Surface Surface Fuel
37
69
82
136
316
41
76
90
145
329
56
132
152
202
373
56
141
161
212
376
40
72
85
145
366
41
72
86
146
384

*DCSS heat load of 14.9 kW and ambient temperature of 21-24oC

4.2.2 Thermal Testing of the Castor V/21 DCSS
Temperatures were measured in an assembly (T11) near the center of this cask with
a thermocouple lance for the vertical and horizontal configuration and for a variety of fill
gases, including N2, He, air and vacuum (see Table 3); the results were used to support heat
transfer code development. The highest temperature achieved in the cladding was 415oC
during a 3‐day test under vacuum in the vertical configuration. The measured temperature
for a He fill was 357oC in the horizontal configuration versus 344oC in the vertical
configuration. During 14.2 years of actual sealed dry‐storage conditions, the peak cladding
temperature in an atmosphere of He with <1% air was believed to have declined from 344
to 155oC.
Table 3. Time-Temperature History of Assembly T11
in Thermal Performance Tests of Castor V/21 DCSS
Cask
Configuration
Vertical
Vertical
Vertical

Cask
Atmosphere
He
N2
Vacuum

Peak Cladding
Duration
Temperature (oC)
(hr)
119
344
43
359
72
415

Horizontal
Horizontal

He
N2

357
398

93
72

Vertical
Vertical

70%He/30% air
He/<1% air

348
344 to 155

2880
1.3 x 105

The rather minor effects of cask atmosphere and cask orientation on peak cladding
temperature suggest that the major mode of heat transfer from the SNF in this DCSS was by
metal‐to‐metal conduction from the SNF assemblies to the basket, from the basket to the
canister wall, and from there to the cask exterior. Based on these results, the in‐leakage of
air in small amounts seems likely to have a minor effect on cladding temperatures during
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dry storage. But this conclusion may be unique to the all‐metal Castor V/21 DCSS, in which
component clearances are small to begin with and become smaller as thermal equilibrium
is achieved, allowing heat transfer to occur overwhelmingly by conduction.
In concrete casks, like the vertical HI‐STORM 100, or even the horizontal NUHOMS
configuration, heat transfer is more a mixed‐mode process: metal‐to‐metal thermal
conduction through to the canister exterior and then by transfer of heat via a ‘chimney’
effect in the HI‐STORM 100 or by convective heat flow in the NUHOMS configuration.
4.2.3 Follow‐on Work with Castor V/21 DCSS
Because these tests were not intended to study fundamental fuel behavior, the fuel
underwent only minimal characterization prior to the tests, such as visual examination of
the assemblies and ultrasonic examination to ensure that no breached fuel rods were
included. The temperature at various locations was monitored during the tests and the
cover gas was periodically analyzed to check if any rods were leaking; none was found.
After dry storage for 14.2 years a follow‐on project was initiated in 1999 under the
joint sponsorship of the NRC, EPRI and DOE, to examine the Surry SNF stored at INEEL. The
project was to provide confirmatory data for licensees to continue dry storage beyond 20
years, as well as for NRC staff to use in their technical reviews. The objectives were to:



Obtain data to confirm the predicted long‐term integrity of dry cask storage systems
and their SNF under dry storage conditions.
Provide data to support the technical bases and criteria for evaluating the safety of
DCSS and transportation systems, and for extending DCSS licenses.

The first phase of the program involved moving the Castor V/21 DCSS from the
concrete pad to the INEEL Test Area North (TAN) Hot Shop Facility. Helium cover gas
samples were extracted and analyzed. Detailed temperature readings of the cask exterior
and locations on the interior were obtained. Radiation surveys were performed. Video and
photographic inspections of the cask exterior and interior surfaces were carried out. The
lid seals, the fuel assembly exteriors and selected fuel rods were examined in detail.
The DCSS was then resealed, filled with helium and returned to its pad. In the
second phase of the program twelve fuel rods that were previously removed from the T11
assembly in the DCSS were given detailed nondestructive examination at ANL. Four of the
twelve fuel rods then underwent destructive examination to determine fuel morphology
and cladding microstructure, and for mechanical property testing of the cladding.
4.2.3.1 The Castor V/21 DCSS
The body of the Castor V/21 DCSS was a one‐piece cylindrical structure made of
nodular cast iron. The material had good strength/ductility and provided effective gamma
shielding. The cask was 16 ft high and 8 ft in diameter and weighed approximately 112 tons
when loaded with PWR fuel assemblies. Two concentric rows of polyethylene rods in the
15‐inch thick cask wall provided neutron shielding. Circumferential heat transfer fins ran
around the exterior of the wall which was coated with epoxy paint. The cylindrical fuel
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basket fitted tightly in the 5‐ft diameter cask cavity and was configured to hold 21 spent
PWR assemblies. The basket was constructed of stainless steel and borated stainless steel
for criticality control. The basket layout provided criticality control and promoted heat
transfer by convection.
The cask was closed with a primary bolted stainless steel lid (6ft diameter, 1ft thick)
which had both metallic (inner) and elastomer (outer) O‐rings to seal the cask interior
from the environment. A secondary lid used in commercial applications was not used in the
testing program or the long‐term storage monitoring program (1994‐1999). The primary
lid had three penetrations for various operations such as water filling and draining as well
as vacuum drying and back‐filling with gas. The primary lid used in testing was not
standard and had ten additional penetrations for fuel guide tube instrumentation
(thermocouple lances) and gas sampling.
4.2.3.2 DCSS Inspections and Tests
All components of the Castor V/21 DCSS were subject to long term surveillance and
detailed inspections to identify possible degradations.
Concrete Pad: The concrete pad on which the Castor V/21 DCSS was stored
consisted of 2 feet of concrete on top of 12 inches of a compacted gravel sub‐base. The
concrete was reinforced with two mats of reinforcement bars embedded 4 inches below
and above the top and the bottom surfaces of the concrete pad respectively. A 20ft x 20ft
section of the pad centered on the location of the cask was inspected and tested for
structural soundness by the “Schmidt hammer test” [29].
Schmidt tests were performed at nine locations and indicated that the concrete met
or exceeded the design strength of 4050 psi (28 MPa). Visual inspection of the pad showed
no evidence of structural failure or degradation (cracks, displacement, spallation, aggregate
pop‐out); the surface was solid and showed only minor wear and weathering effects. Tests
with a straight/taut line over the 20‐ft x 20‐ft grid showed no sag or vertical displacement
under the cask position.
Cask Exterior, Lids, Bolts and Seals: The cask exterior and lids were exposed to
the weather for 14.2 years. The entire cask exterior was video examined, supplemented by
direct visual inspection, for evidence of degradation. In general only minor corrosion,
scratches from handling, and rust were found. The primary lid was tight, but torque values
of the bolts were not checked during removal. All bolts were visually examined for
deterioration—cracks, pitting, corrosion, damage to thread; none was evident. The metal
and elastomer O‐rings were examined remotely by video camera immediately after
opening the cask and again visually after six months; finally the O‐rings were removed for
further examination. The O‐rings were in excellent condition, as were the seal seats and
cask flanges.
Cask Interior: The accessible part (upper portion above fuel basket) of the cask
interior was inspected remotely with video cameras for evidence of degradation. The lower
portion of the interior could only be inspected through the fuel tubes or some of the flux
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traps. A miniature (pencil) camera was used for this inspection. No significant damage or
deterioration was found on the interior side walls. Only scratches were seen, most likely
from the fuel basket insertion or from its expansion during the 1985 thermal tests.
Similarly no damage was observed at the cask bottom and on the adjacent side walls.
Some debris was found on the cask floor and on the horizontal bars of the fuel tubes.
Samples of the debris were retrieved with tape swabs and examined visually as well as
using electron microscopy and dispersive spectrometry. The results suggest that the grains
were mainly steel slivers or steel oxide from the fuel basket. Chemical analysis was
inconclusive. All samples showed low radioactivity, primarily due to Co‐60. Cracks were
found in a number of stitch welds in the fuel basket. Thorough examination in 1999
concluded that all the cracks were caused by the thermal tests that were performed in
1985 and that no new cracks developed during the storage phase.
Fuel Assemblies and Rods: The fuel assemblies underwent visual examination and
were found to be in good condition. Based on measured lift forces the assemblies had no
tendency to stick during extraction, although they were ‘snug’ fits into the storage basket
(Fig.5).
At the top of the assemblies the fuel rods
varied in length by as much as 0.5 inch, which
was ascribed to uneven irradiation. Except for
slight localized bowing there was no other
detectable deformation of the fuel rods. To look
for cladding failure, the cask fill gas was
periodically monitored over the 14.2‐year
storage period for Kr‐85 gas release; none was
detected.
4.2.3.3 Cask Temperatures
Fig.5.the
Snug
fit ofwere
Assembly
T11 in the
As previously described, temperatures inside
cask
extensively
storage basket
the Castor
DCSS.
measured during the thermal performance tests performed
in in1985
priorV/21
to the
start of long‐term storage. These tests were conducted with the cask for various
times, different fill gases (helium, nitrogen, air and vacuum), and in the vertical and
horizontal configuration. Temperatures inside the cask were again measured in September
1999 just prior to its detailed examination. Since the thermocouple lance used in 1985 was
no longer available, the temperatures in 1999 had to be measured with the primary lid off.
After 10 minutes equilibration, when the temperature rise was about 0.1oC/min., the
temperature in the hottest zone of the hottest assembly was 154oC. Extrapolating to final
equilibration, it was likely that the maximum temperature would reach 155 to 160oC. The
results pertain only to the conditions of the cask at the time of measurement. With the lid in
place the final equilibrium temperature would be higher.

Using portable pyrometers extensive temperature measurements of the exterior
surface of the cask were taken in August 1999. As expected these temperatures were well
below the values measured in 1985 (on average nearly 30oC lower). The temperature
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measurements were made at many locations along the height of the cask, at four different
azimuthal orientations, and also at the top and the bottom of the cask. The highest
temperatures were recorded at the center of the top, about 105oC in 1985 and 61oC in
1999. The maximum side temperatures of the cask were approximately 82oC and 49oC in
1985 and 1999. The temperature profiles in 1999 were very similar to those in 1985.
4.2.3.4 Radiation Surveys
Gamma and neutron dose rates were measured in 1985 and again in 2001 after the
detailed examination and return to storage of the cask. Measurements were made at the
same locations along the side of the cask (at several orientations) as well as the top and
bottom of the cask. In addition in 2001 complete circumferential dose rate surveys were
made at three locations along the length of the cask. The measuring instruments while
similar were not identical in 1985 and 2001. Considerable scatter was found in the
measurements, particularly for neutron dose rates, with field measurement uncertainties
ranging from 10% to 30%.
In both 1985 and 2001 the peak dose rates were found near the top and the bottom
of the cask where the flow nozzles of the PWR assemblies were located. As expected,
because of fission product decay, the peak gamma dose rates in 2001 decreased by 90%
from those in 1985 at all side locations, from over 100 mrem/hr to about 10 mrem/hr.
Some non‐uniformity in gamma readings around the circumference was identified. This is
due to the higher Co‐60 levels around the upper flow nozzles. At the top and bottom of the
cask the 2001 gamma dose rates were found to be about 15‐20% of the 1985 readings,
consistent with the decay of Co‐60. In both cases the readings were made without the
secondary lid. The dose rates for 1985 were well within the design goal of 200 mrem/hr.
Due to the extremely long half lives of fissile radionuclides, neutron dose rates for
the 1985 and 2001 readings should be the same within the measuring uncertainties. This
held for the maximum readings along the side of the cask (about 16 mrem/hr). However, in
the active fuel zone the 2001 readings were about half the readings obtained in 1985. This
was not due to shielding changes but rather to the different instruments used in 2001 that
exhibit much less sensitivity to thermalized neutrons. The dose profiles did not indicate
any deterioration in the polyethylene shielding.
At the top of the cask the peak neutron dose rates for 1985 and 2001 were identical
(45 mrem/hr). At the bottom of the cask the 2001 neutron dose rates were consistently
higher than those of 1985. There were also differences in the readings at different
azimuths. This disparity was an artifact due to the different location and orientation of the
cask in the tests. In 1985 the cask was in a horizontal position in the TAN facility located
well above the floor. In 2001 the cask was oriented vertically only about 18 inches above its
concrete storage pad. The detectors were close to the concrete surface, which thermalized
the neutrons and caused considerable back‐scatter that distorted the readings.
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4.2.3.5 Surveys of Cask Atmosphere
Gas samples from inside the cask were taken starting in 1985, following the cask
performance test, through 1999 when the cask was filled with helium. The samples were
analyzed using mass spectrometry. The readings in 1985 indicated, that considerable
amounts of air was present in the 16 samples. The air contamination was traced back to the
sampling technique and was not representative of the cask fill gas. Gas samples were taken
again in 1986, using a better sampling technique, and the readings indicated that the fill gas
was primarily He (better than 99%) with only traces of air constituents. The samples were
also examined with gamma spectrometry for Kr‐85. The readings were very low indicating
there were no fuel leaks.
The fill gas of the Castor V/21 cask was again sampled, at least once a year, from
1994 through 1999. The analysis of the cover gas in 1994 indicated about 2% air in the
sample with the remainder being helium. This was due to the inadvertent ingress of air into
the cask during the sampling operation. After refilling the cask with fresh helium
measurement indicated about 0.5% air in the cover gas. Later samplings indicated a rise in
nitrogen content but that value stabilized in 1996. At the same time oxygen concentrations
remained constant and the helium concentrations up to the final readings in 1999
remained close to 99%. The gas analyses did not point to any ingress of air into the cask.
Radiochemical analysis of the gas samples obtained during the storage period was
performed to check for the presence of C‐14 and Kr‐85. There were some anomalies in the
C‐14 data, indicating increases over certain time periods. Similarly inconsistencies were
found in the Kr‐85 data. However, the readings were all close to the detection limits of the
instruments. Based on the overall analysis of these data it was concluded that there was no
indication of fuel rod cladding damage during dry storage.
4.2.3.6 Fuel Rod Examinations
Twelve fuel rods extracted from the
T11 assembly were measured for change in
diameter by averaging the profilometry
measurements made at four orientations.
The average creep down of the cladding was
found to be ~0.6%. This value was typical of
the as‐irradiated values for PWR fuel rods of
the Surry fuel‐cladding gap size and burn‐up, so that creep at temperature during dry
storage had been small. The average profiles Fig.6. The average diameter profiles of rods
exhibited slight depressions at the location of from the T11 assembly, showing creep down of
~0.6%, and depressions at grid spacers.
the grid spacers, as shown in Fig.6.
Four fuel rods with marginally higher diameters than the others were punctured for
gas analysis. The gas content was 96‐98% He with traces of N2 (<0.03%) and O2 (<0.01%),
with the remainder fission gas. Values for fission‐gas release ranged from 0.4 to 1.1%,
again values that were typical for PWR fuel at this burn‐up level.
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Two of the rods were sectioned and
metallographic samples were prepared and
examined. There were no unusual features
observed in the UO2 microstructures, except
perhaps for the appearance of fission‐gas
porosity in the center of pellets above the core
midplane, where temperatures were highest.
Again such behavior is to be expected.
The cladding had oxide layers that
varied in thickness in the range of 20‐40μm
from the fuel centerline to the top of the core,
expected values for this burn‐up level. Figure
7 shows the typical distribution of hydrides in
the cladding wall. In all cases examined hydride Fig.7. The cladding on Rod H9 from Assembly
precipitates were oriented circum‐ferentially. T11 at 1000 mm above midplane, exhibiting
Thus, the heat transfer test at 415oC in vacuum circumferential distribution of hydride precipitates
for 72 hours had not caused radial reorientation
of hydrides in the cladding of this low‐burnup fuel—an important finding. There was a
≤25% reduction in cladding microhardness measured on the cladding; this reduction was
probably caused by the thermal test in vacuum in which peak cladding temperatures were
415oC.
4.2.3.7 Summary
Inspection of the Castor V/21 DCSS and its contents yielded reassuringly positive
results on the ability of this type of bolted DSCC to safely contain low‐burnup SNF.
Specifically, the metal cask itself showed no evidence of material degradation in the
comparatively arid climate of Idaho. Hammer tests of the concrete in the vicinity of the cask
indicated the concrete retained its design strength; the concrete also exhibited no cracking,
spalling or sagging under the 112‐ton weight of the cask. The seal gaskets appeared to be in
good condition and evidence from periodic gas sampling indicated no inward leaks of air
had occurred. There was no indication of Kr‐85 activity in the cask interior so that no fuel
failures had occurred as a result of the dry storage.
Assemblies were easily removed from the inner storage basket for inspection,
despite their snug fit. The assemblies were in good condition with no unusual features.
Oxide buildup on the cladding of the limited number of rods (12) which were examined
was similar in depth and appearance to that observed on wet‐stored fuel at the same
burnup. The rods exhibited typical creep down of the cladding and evidence of some rod‐
spacer mechanical interaction. The fission‐gas releases of 0.4‐1.1% in four rods that were
analyzed were well within the range measured on as‐irradiated rods at this burnup. That is,
there was no increase in fission‐gas release due to storage.
No microhardness measurements were made on the as‐irradiated cladding but
based on measured values on slightly lower burnup fuel from the Turkey Point PWR, some
annealing of radiation damage had occurred, quite probably due to the thermal
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performance test in vacuum in which measured peak cladding temperatures were 415oC.
Finally, microscopy revealed that there had been no significant radial reorientation of
hydride precipitates in the Zy‐4 cladding despite this high‐temperature operation.
4.3

Japanese Work

Work in Japan on dry cask storage has been mainly performed by two organizations:
actual monitoring of all‐metal dry casks by Tokyo Electric Power Company (TEPCO) in unit
5 on the Fukushima‐Daiichi site, and a set of more generalized tests with concrete casks by
the Central Research Institute of Electric Power Industry (CRIEPI).
As of June 2010, the TEPCO site had 408 BWR assemblies stored in nine all‐metal
casks (five large casks containing 52 assemblies each, and four smaller casks with 37
assemblies each). The TEPCO work was presented at an IAEA workshop in 2010 [30], while
the CRIEPI work was described in a special edition of Nuclear Engineering and Design in
2008 [31].
4.3.1 DCSS Monitoring and Inspection at the Fukushima‐Daiichi Site
The TEPCO DCSSs are double‐lidded, bolted and gasketed casks of forged carbon
steel with borated resin for neutron shielding. Each cask is stored horizontally on a frame.
As in U.S. bolted casks, the space between the inner and outer lids is pressurized with He
and monitored for change in pressure (Fig.8a). Other monitored parameters are the surface
temperature of the cask, the difference between the inlet and outlet temperatures of the
cask module, and area radiation in the building. Figure 8B shows one of the DCSSs in 2010.
Dry cask storage operations began in 1995. First inspection of a DCSS was
performed in 2000 after 5 years storage, and a second inspection was made in 2010 after
10 years storage. The cask with maximum heat load was inspected on each occasion.
Inspection included: gas sampling in order to detect Kr‐85 activity; visual inspection of the
gaskets; leak tests of the primary lid; and visual examination of the fuel cladding in two fuel
bundles. No Kr‐85 was detected on either occasion, measured leak rates of the primary lid
was a factor of ten lower than the required leakage criterion of <1 x 10‐6 Pa m3/s, and the
fuel cladding exhibited no defects.
The only noted abnormality was a white discoloration of gasket surfaces caused by
residual water; procedures were changed to minimize cask immersion in the pool. Before
the March 2011 tsunami, the next planned inspection was to be in 2015.
Remarks by a Japanese representative at an EPRI/DOE/NRC meeting in December
2011 [7] indicated that the building housing the DCSSs contained a large quantity of sand
deposited by the tsunami. Although no further comments were made about the condition of
the DCSSs, one can assume that instrumentation was lost during the accident. There are
now likely more urgent tasks than the inspection of these dry casks.
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Fig.8a Schematic of DCSS monitoring at Fukushima-Daiichi
(Courtesy TEPCO)

Fig.8b Photo of all-metal DSCC at Fukushima-Daiichi before March 2011
(Courtesy TEPCO)

4.3.2

CRIEPI Work on DCSSs

The high cost of all‐metal DCSSs gave rise to considerable research by CRIEPI into
less expensive concrete systems [31]. The preferred Japanese design is now similar to the
Holtec HI‐STORM DCSS; i.e., a double‐welded, double‐lidded SNF canister in a vertical,
naturally air‐cooled concrete overpack. CRIEPI research has included work on:


stability during earthquakes, and other accidents [32];



using heater assemblies to simulate SNF, temperature increases due to blockage
of the cask air intakes [33];



using heater assemblies, methods to monitor He leakage from an SNF canister
[34], and in‐situ detection of cladding failure by measuring Kr‐85 release [35];



stress corrosion cracking in a marine environment of both the canister [36] and
the concrete (and its rebar).
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4.3.2.1 Blockage Simulation
The blockage simulations were performed on two types of cask: reinforced concrete
(RC) and concrete‐filled steel (CFS), shown in Fig.9. The heater inventory gave a total heat
load of 22.6 kW; calculations suggested 80% of the heat (18.1 kW) was removed by
convective air flow, 12% (2.76 kW) was lost from the cask sides, and 8% (1.84 kW) was
lost from the cask top. Measured component temperatures are given in Table 4.

Fig. 9. Schematics of the concrete casks used in CRIEPI tests (Courtesy CRIEPI)
Table 4. Temperatures (oC) in TEPCO Heat Removal
Tests of Concrete Casks
Cask Type
RC
CFS
Blockage None 50% None 50%
Inlet Air
33
33
33
33
Outlet Air
98
103
85
99
Air ∆T
65
70
52
66
Canister
209 214 192 200
Surface
Guide
301 306 228 235
Tube
Storage
91
96
83
93
Container

The tests suggested that even with 50% blockage of the cask air intakes,
temperatures in the fuel assemblies would be below values that would cause concern for
fuel element stability. However, the container temperatures for both cask types were close
to (or above) the recommended maximum operating temperature for concrete (90oC).
Tests were also run for full (100%) blockage of the cask air intakes, but the temperature
values were not given in the CRIEPI presentation.
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4.3.2.2 Detection of Canister Leakage
Another cask mockup using
heaters was used to explore possible
detection of leakage of He from an
SNF canister. The axial variation in
SNF canister temperature was
measured by an array of 11 thermo‐
couples on the bottom, up the vertical
side, and on the top of the canister.
The helium atmosphere in a CFS cask
was bled down from an internal
pressure of 56 kPA to a pressure of 5
kPa over a 4‐day period.
The difference in temperature
between the bottom and top of the
canister, ∆TBT, was found to increase
noticeably with decrease in pressure.
After 4 days, ∆TBT had increased by Fig.10. Changes of ∆T and pressure in a CFS cask
BT
The
approximately 8oC (Fig.10).
(Courtesy CRIEPI, Ref.34).
researchers concluded that when He
pressure was high, the temperature
in the upper part of the canister was elevated due to thermal convection. As helium leaked
and pressure decreased, there was an increasing lack of convective heat transfer, causing
the temperature at the center of the canister bottom to rise and temperature at the center
of the canister top to fall.
Leakage of the cask atmosphere could thus, in theory, be monitored by measuring
∆TBT. If helium leakage was very slow, however, it might be difficult to differentiate between a
genuine temperature difference due to leakage and simple drift of the thermocouple readings.
It should also be noted, that this technique is only applicable to vertically oriented casks
with concrete overpacks or concrete shielding, where convective heat transfer plays an
important role.
4.3.2.3 Detection of Fuel Failure
The method of monitoring fuel failure during storage by detecting the 514‐keV ‐ray
of Kr‐85 in the DSCC atmosphere was investigated by CRIEPI workers [35]. The principle of
the method is shown in Fig.11. A shielded high‐resolution Ge detector in the modified lid of
a DCSS interrogates the gas space at the location of no SNF, i.e., in a vertically empty slot in
the SNF basket. Trials were performed with a mockup of the detector and a krypton
source. The investigators concluded the method was feasible.
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Fig.11. Method of detecting fuel failure by measuring Kr-85 activity in the DCSS atmosphere
(Courtesy CRIEPI, Ref.35)

There are two drawbacks: first, the required geometry (Fig.11) means the method
can only be used with specially designed DCSSs; second, Kr‐85 has a half‐life of 10.7 years,
meaning the method will be unable to detect fuel failure occurring much beyond 40‐50 years
after reactor discharge. The only other radioactive fission gas isotope is Kr‐81, with a half‐
life of 210,000 years, and with an activity and yield far too low for detection. A possible
NDE method of detecting fuel failure(s) in a welded canister—involving measurement of
the speed of sound in the canister plenum—is described in §5.6.
5.

Implementation of DCSS Monitoring

5.1

Dry Cask Demonstration Program

A long‐term dry cask demonstration program (DCDP) is being considered by the
NRC to evaluate if extrapolations made from short‐term data are valid. Such a program will
allow unforeseen detrimental effects to long term DCSS performance to be identified and
accommodated. Periodic inspection and monitoring of DCSSs used in the DCDP is essential
to identifying aging mechanisms and possible issues with welded canisters and bolted
casks. Potential degradation of the external structures of DCSSs over very long periods is
equally important, because these structures provide radiation protection. Thus, effects of
the external environment on metal or concrete overpacks need to be evaluated, together
with the impact of heat from the SNF itself; periodic inspection (or where possible, direct
monitoring) of overpacks is as important as for the canisters or casks they contain.
The Castor V/21 DCSS examination demonstrated that with sufficient resources and
proper facilities it is possible to conduct a comprehensive DCDP. Although this earlier effort
was after storage of only 14 years, there appears to be no fundamental obstacle to carrying
out a DCDP for a significantly longer period of time. Obviously, organizational continuity
and long‐term financial support are essential for success. There are several other
requirements and inspection methods for a successful DCDP that are outlined below.
21

5.1.1 Choice of DCSS Design
The majority (89%) of DCSSs today contain welded canisters of SNF. To permit the
periodic examination of SNF in dry storage, a bolted closure, as used in the Castor V/21
DCSS, seems more practical; however, both types of closure must be included in a DCDP as
both are used commercially. For monitoring the interior, closures will need to have special
fittings to route instrumentation leads and to permit sampling of the interior atmosphere.
Such routing is problematic for double‐lidded SNF canisters.
The internal conditions of a canister or cask at the start of dry storage should be as
prototypic as possible. In particular, the initial loading of fuel assemblies should be fully
representative of industrial practice. This needs to include the loading of fuel assemblies in
a spent fuel pool environment, followed by typical draining, drying and inerting operations.
For example, in the most extensive past demonstration project—the Castor V/21 DCSS—
fuel assemblies were loaded into a fresh, completely dry cask, different from the cask in
which they were transported. This precluded investigating the effects of residual moisture.
5.2

Need for Rugged Instrumentation

Measurements in the past were carried
out with mainly standard equipment. While
the techniques, sensors, and instrumentation
used in past SNF projects like the Castor V/21
test could, in principle, be adopted here, the
challenge of the DCDP is to extend
observations and monitoring over potentially
much longer periods of time. This in turn
implies that sensors, cabling and electronics
must be of extreme durability and stability, or
are readily replaced. Redundancy in sensors/
instrumentation could also help to overcome

the
long duration
requirement.
Fig.12. The
Schmidt
Hammer used
for testing the
relative compressive strength of concrete
processes progress slowly and
(advertisement photo).

On the other hand, since dry storage
conditions inside storage canisters are not
extreme, instrumentation does
not require fast response times or be capable
of
operating
in
extreme
conditions, as is the case in monitoring some aspects of nuclear power plant operations.
But for dry storage of this long duration accurate measurement will be challenging,
requiring instrumentation that will not degrade; or is self‐calibrating, like the Johnson
noise thermometer [37,38]; or can be readily replaced. The instrumentation must also
remain functional in severe environmental conditions and/or accident conditions. To meet
the requirement for longevity, simple rugged equipment that is readily calibrated may be
the answer. The Schmidt Hammer, used to test strength of concrete [28], is a good example
(Fig.12); it comes with its own calibration anvils of known strength.

5.3

Temperature Measurements
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To avoid degradation of high‐burnup cladding by radial reorientation of hydride
precipitates, ANL work has shown that the temperature inside canisters during drying
must be maintained below 400oC [39,40]. Cladding temperatures are presently inferred
from measurements on the cask/canister exterior and from calibrated heat transfer models
of the DCSS.
In all past dry storage demonstration projects, as well as in commercial storage,
temperatures are primarily measured using standard Type J or Type K thermocouples.
Thermocouples are rugged sensors with successful long‐term application in the nuclear
industry. However, they suffer from the inherent problems of drift, and thus require
oversight and periodic recalibration. This in turn makes their use somewhat problematic in
a very long term and passive application like dry storage. Recent evaluations of emerging
instrumentation technology for nuclear power plants [37,38] suggest several alternative
temperature sensors that may also be applicable to monitoring SNF dry storage facilities.
These alternatives are briefly discussed below.
5.3.1 Type N Thermocouples
Type N (Nicrosil‐Nisil) thermocouples were developed in the 1970s and 1980s as a
lower drift alternative to other base metal thermocouples. Since they were designated as a
standard thermocouple type by the Instrument Society of America in 1983, Type‐N
thermocouples have been widely used in non‐nuclear applications for more than twenty
years. The Nicrosil and Nisil alloys in Type N thermocouples were developed specifically to
overcome the instabilities of other base metal thermocouples. Nicrosil and Nisil alloy
compositions feature increased component solute concentrations (chromium and silicon)
in the nickel base to transition from internal to surface modes of oxidation and include
solutes (silicon and magnesium) which preferentially oxidize to form oxygen diffusion
barriers. Moreover, Type N thermocouples were specifically designed for improved high
fluence neutron performance by eliminating all elements with high neutron absorption
cross sections from the compositions of the thermoelements. Type N thermocouples are
now widely available commercially at similar cost to other base metal thermocouples and
with similar values of thermoelectric voltage output.
5.3.2 Johnson Noise Thermometers
Johnson noise is a first‐principles representation of temperature. Fundamentally,
temperature is merely a convenient representation of the mean kinetic energy of an atomic
ensemble. Because Johnson noise is a fundamental representation of temperature, rather
than a response to temperature such as electrical resistance or thermoelectric potential,
Johnson noise is immune from chemical and mechanical changes in the material properties
of the sensor. The Nyquist equation gives the relationship between temperature,
resistance, and voltage generated as follows:
V2=4kB TR∆f,
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where V2 is the mean squared value of the voltage—also called power spectral density—
across a resistor of resistance R, kB is Boltzmann’s constant, T is the absolute temperature
of the resistor, and ∆f is the measurement bandwidth. To measure temperature using
Johnson noise, the frequency response of the total system must be known as well as the
resistance. Temperature is then computed by dividing the power spectral density of the
noise voltage by 4kBR. Because of the statistical nature of the voltage measurement, the
measured value can be distorted by high noise content. The noise level can be reduced by
longer integration time of the measurement.
One way of employing JNT is as a continuous, first‐principles recalibration
methodology for a conventional resistance‐based temperature measurement technique.
The direct method of measuring temperature from a resistance temperature detector
(RTD) has significant, unavoidable drift. The JNT measurement is applied in parallel to the
RTD lead wires of the resistance measurement circuit without altering that circuit. Since
Johnson noise is a first‐principles measurement, it does not require periodic calibration.
The combined RTD and Johnson‐noise temperature measurement approach provides the
speed and accuracy of resistance thermometry as well as automatic calibration.
Figure 13 illustrates the combined measurement process. The RTD is exposed to the
temperature, and exhibits both a resistance value and Johnson noise. Since these two
signals are separable, they can be processed independently. The RTD’s resistance
temperature value is compared with the Johnson noise temperature, and a correction made
to the transfer function. This correction is made continuously or periodically depending on
the RTD drift and the acceptable measurement uncertainties. The combined RTD/Johnson‐
noise system provides prompt temperature measurements with high accuracy.

Fig.13 Block diagram of the Johnson noise temperature measurement process (Courtesy ORNL; Ref.38).

5.3.3 Ultrasonic Temperature Sensors
Although the field of U/S temperature measurement has many variants, the wire‐
line, pulse‐echo U/S sensor may be especially adaptable to temperature measurements in
DCSSs because of its rugged nature. Experimental studies in reactor safety using ultrasonic
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wire‐line thermometry were performed more than forty years ago. Continuous
development has advanced the technology such that ultrasonic wire‐line thermometry
systems are currently available commercially. However, the technology has not been
widely used in nuclear applications.
Ultrasonic wire‐line thermometry is based upon the change in the velocity of sound
in a wire with temperature. The speed of sound in a wire varies with the elastic modulus
and density, as given in the equation below. Both parameters are temperature dependent,
but the temperature effect on elastic modulus dominates by about an order‐of‐magnitude
over that of density. This causes the velocity of sound c to decrease with increasing
temperature according to:
c = [E (T)/ρ (T)]1/2,
where E is Young’s modulus and ρ is density, both functions of temperature T.
In U/S wire‐line temperature measurement an extensional wave is sent down a
waveguide. The return time of reflections of the launched wave pulse are then recorded.
The wire‐line contains a series of notches, and the time difference between reflections from
the notches is indicative of the temperature differences between the notches (Fig. 14).

Fig.14 U/S thermometry system with a notched waveguide (Courtesy ORNL; Ref.38).

5.3.4 Fiber‐optic Temperature Sensors
These sensors are likely to be deployed in nuclear power plants in the future. Fiber‐
optic sensors have advantages which make them attractive for use in harsh environments,
e.g., resistance to corrosion, high reliability, and relatively high accuracy. However, they are
affected by radiation. In particular in mixed high‐neutron/gamma fields these sensors
exhibit some temperature offset. If these shifts in calibration can be compensated for with
an on‐line sensing or calibration model, the Fabry‐Perot temperature sensor, or a similar
fiber‐optic technology, could be suitable for DCSSs, where radiation levels are less severe.
Distributed fiber‐optic Bragg thermometry is based upon a series of Bragg gratings
arranged along the core of a single‐mode optical fiber. The temperature dependence of the
Bragg wavelength of a fiber‐optic Bragg grating (FBG) originates from the thermal
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expansion of the fiber, which results in detectable variation in the optical index of the core.
FBGs are known to respond to variations in multiple parameters such as load, strain,
vibration, and temperature, and can measure some of these parameters simultaneously.
The two advantages of distributed fiber‐optic Bragg thermometry are that the
sensor is nonconductive, allowing deployment in harsh electromagnetic environments, and
that many sensors can be configured along a single path enabling acquisition of a
distributed temperature map with a single readout system. This would make it possible to
obtain directly the temperature profiles along the height or circumference of DCSSs instead
of relying on multiple single point measurements.
Temperature measurements, at least on the cask exterior, should be performed
periodically over the full height of the DCSS and over a number of orientations. Significant
changes in the temperature profiles (not magnitudes) could indicate gross degradation in
the fuel assemblies, e.g., fuel relocation. To date, measurement of the external temperature
(e.g., on the VSC‐17 DCSS) using thermocouples has been an unwieldy process, bedeviled
by the difficulty of making good thermal contact with the concrete surface.
5.3.5 Thermal Imaging
External temperature measurements could be alternatively performed by thermal
imaging using infrared cameras, which are readily available commercially. For example,
Figure 15 shows the image (left) of a fuse box with a central, overheated fuse, which was
obtained with the IR‐CAM 59X IR camera (right) marketed by Sierra Pacific Innovations
[41]. Such an IR camera could be set up to systematically scan the exterior of a DCSS;
comparison of scans performed at different times could then indicate relative changes in
SNF distribution in a graphic fashion.

Fig.15 Thermal Imaging with an Infrared Camera
Left: Image of a fuse box with overheated central fuse
Right: The IR-CAM 59X IR camera used for its imaging
(Courtesy: Sierra Pacific Innovations)

5.4

Surface Inspection of Components
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5.4.1 Borescope Inspection
Corrosion is the major concern for all structures and components of DCSSs so that
periodic inspection of the cask or canister exterior as well the interior of the concrete
overpack must be a part of a DCDP. Inside the canister SCC may be dominant, while
exterior structures may be additionally susceptible to atmospheric corrosion, including
that from marine environments, and aqueous corrosion. Inspection can be carried out
using high‐definition video that produces digital images.
Because of high radiation levels, inspection of the interior of concrete overpacks and
the surface (and possibly the weld region) of canisters needs to be performed remotely
using radiation resistant video cameras. Successful surveys have already been performed.
Components in the vertical cooling annulus of the VSC‐17 DCSS were inspected in 2004 and
2007 [33,42] using several miniature borescopes available commercially; two of them are
shown in Fig.16.
The borescopes were inserted through the vent holes at the top of the DCSS and
gently lowered by their electrical leads down the vertical cooling annulus, which was 76‐
mm (3‐in) in width. In this way axial scans of the steel canister and the inner steel liner of
the concrete overpack were performed over a significant area of the annulus. Some images
obtained this way are shown in Fig.17. Measurements of radiation in the cooling annulus
were performed with a Merlin‐Guerin Products Geiger‐Mueller ‐ray detector AMP‐200;
radiation levels up to 2,500 R/hr were detected.

Fig.16 Borescopes used to inspect the cooling annulus of the VSC-17 DCSS
Left: Toshiba Model 1K-M44H; Right: Everest/VIT XLPro (Courtesy Winston; Ref.42)
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Fig.17 Images of components in the vertical cooling channel in the VSC-17 DCSS,
obtained by CRIEPI workers in collaboration with INL investigators.
(Courtesy: K. Shirai et al., Ref.33)

A similar inspection was performed of the SNF canister in a NUHOMS HSM at an
Oconee PWR after 5 years dry storage [43]; nothing adverse was observed. Inspection was
facilitated by the large component clearances in the NUHOMS DCSS.
Such visual inspection is the only currently feasible way to interrogate the condition
of welds on SNF canisters. For NUHOMS DCSSs located on the sea coast, visual inspection
of outer welds for evidence of brine deposits could yield indication of impending problems.
A field inspection planned for the Calvert Cliffs ISFSI later in 2012 [44] may allay fears of
SCC of canister welds and walls in a marine climate. NDT experts at TN are also looking at
the use of SaltSmart [44,45] coupons for monitoring salt deposition on SNF canisters.
5.4.2 Electromagnetic Acoustic Transducer (EMAT) Inspection
Conventional U/S inspection of surface features such as welds requires the use of a
coupling medium (or couplant), typically water, between the surface feature and the probe.
Such a requirement would make it very difficult to ultrasonically scan DCSS components.
An alternative is to use an electromagnetic acoustic transducer (EMAT), which requires no
coupling medium [46].
The principle of this method is to use a high‐frequency current in a coil held close to
the test surface. A Lorentz force is then produced in a surface layer of the metal test article,
setting up lattice vibrations of the same frequency and producing U/S waves. The electro‐
magnetic interaction between the probe and material allows measurement to be made
without mechanical contact and without a coupling medium. Figure 18 contrasts the
operation of a standard piezoelectric U/S transducer with that of an EMAT transducer.
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Fig.18 An EMAT UT compared with a conventional piezoelectric UT

EMAT is beginning to be used as an alternative to conventional U/S testing for weld
inspection in heavy‐gage austenitic steels. For example, Fig. 19 shows the results obtained
by Gao et al. [47] using an EMAT probe in the shear horizontal (SH) wave mode on a 2‐inch
thick, 2‐inch wide austenitic weld zone.

(b) Inspection from upper side

(c) Inspection from lower side

Fig.19. EMAT Inspection results of sample with six thermal fatigue cracks (A-E).
(Courtesy; Gao et el. Ref.47)
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Note that useful information can be obtained by scanning from both sides of the test
piece—this ability could be extremely useful in interrogating the condition of the circum‐
ferential closure welds on the lids of SNF canisters, where the lids are recessed into the
bore of the canister. EMAT seems to be the only NDE method for investigating the condition
of the welded inner lid of SNF canisters. Cited disadvantages of EMAT probes are their
larger size and lower signals compared with conventional U/S probes. Further R&D seems
likely to minimize these disadvantages.
5.5

Monitoring Cask/Canister Leak Tightness

The overarching requirement of dry storage is for complete confinement of SNF to
prevent the release of radionuclides to the environment. Leak tightness ensures no
corrosion inside and that the helium fill gas maximizes heat transfer from the SNF. Thus,
leak tightness must be monitored by whatever means possible. For casks with bolted
closures, confinement (leak tightness) is directly confirmed by continuously monitoring the
pressure in the gas space between the inner and outer lids; it is the method used now for
bolted DCSSs. A pressure change activates an alarm.
No analogous direct method exists for testing the leak tightness of an SNF canister
with welded primary and secondary lids. It is assumed that the two welded lids will,
together, preclude loss of confinement. This is a very reasonable assumption in the short
term, but possibly not in the long term, when weld temperatures approach ambient values,
moisture can condense, and salt spray may deliquesce to promote SSC of welds [48].
A possible indirect method of leak detection—for vertically stored canisters only—
might be to pressurize SNF canisters after loading and subsequently use the ∆TBT method
developed by CRIEPI [31] to annunciate leaks, see Fig.10 in §4.3.2.2. Such a method relies
either on the placement of a number of thermocouples or other temperature measuring
devices on the canister, or the use of thermal imaging described in §5.3.5 to indicate the
∆TBT due to leakage.
Another indirect method to check for helium leakage from a canister is to measure
the speed of sound (SoS) in samples of air from the outlet vent of a DCSS using the leak
detector for trace gases developed by ANL [49]. The method relies on the fact that the SoS
is different for different gases, see Table 4. A small amount of helium mixed with air may
increase the measured SoS sufficiently to make a leak detectable, as shown in Fig.20.
Table 4
Speed of Sound (SoS) in Gases at 0oC
SoS
SoS
Gas
m/s
m/s
Hydrogen
1284
Air
331
Helium
965
Argon 319
Neon
435 Krypton 211
Water Vapor 405
Xenon 169
Gas
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Fig.20. Speed of sound in air at 20oC as a function of helium concentration

The detector consists of an acoustic cavity into which is pumped the sample gas and
a pair of piezoelectric transducers attached to the cavity, which are operated in the pitch‐
catch mode. Higher‐order echo can be used to enhance sensitivity. An early hand‐held
prototype of the SoS leak detector, about five inches in length, is shown in Fig.21. Smaller
versions of the detector can be developed, with a smaller acoustic cavity, which is operated
at a higher frequency; they will be more sensitive.

Fig.21. Hand-held prototype of the Speed of Sound (SoS) Leak Detector
developed at ANL (Courtesy S-H Sheen)

It is envisioned that both the inlet and outlet ports of DCSSs would be equipped with
miniaturized SoS detectors that send signals wirelessly to a data acquisition system for
operator action. With no helium leakage the detectors would be sensitive indicators of air
temperature (the SoS increases slightly with temperature6). But a sudden increase in SoS
at an outlet detector might then indicate a leakage of helium from the SNF canister.
What is not known is the degree of dilution with the outside air of the helium that
leaks from an SNF canister, and whether changes can be readily detected. Nevertheless, the
method is non‐obtrusive, can be easily automated and remotely interrogated, is applicable
to both vertical and horizontal DCSSs, and probably can be deployed at low cost at ISFSIs.
These advantages suggest further R&D of the method is warranted.
6

By ~ 0.6 km/sec/oC over the range 10‐60oC.
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5.6

Canister Internal Conditions

5.6.1 Gas Composition
The gas composition in the interior of a canister is of great interest. Changes in the
gas composition may be related to canister leakage or to failure of fuel cladding (or both).
Fuel failure would definitively be indicated by the presence Kr‐85 activity in the fill gas. But
as noted before, the Kr‐85 method requires a modified canister lid and will not work for
cooling times greater than 40‐50 years. Of course, in a DCDP it is possible to periodically
take direct samples of fill gas and analyze by mass spectrometry, but not in the field.
A possible NDE method of detecting fuel failure in an SNF canister in the field uses a
variant of the SoS technique described previously. Here, U/S piezoelectric probes are
positioned on opposite sides of a canister at a location where there is free space between
the SNF basket and inner lid, giving an unimpeded path for sound to travel from one side of
the canister to the other (Fig. 22). The presence of fission gas in this space will reduce the
SoS that is measured. Although free space may exist in only certain DCSSs the method
warrants further evaluation.7 Piezoelectric devices are tolerant to high levels of radiation
and would need to be replaced only occasionally.

Fig.22. Pitch-catch U/S measurement of speed of sound
to detect fuel failure in an SNF canister

5.6.2 Pressure and Humidity
Tsai et al. (50) have pointed out that monitoring such parameters as pressure and
humidity inside an SNF canister without recourse to electrical cables threaded through
penetrations in the canister boundary requires several enabling technologies, such as:
7

Existing designs may be challenging but if the method is proved feasible by R&D, designs could be modified
slightly to provide a path.
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sensors that can operate at elevated temperatures (200oC) and high radiation
levels (1,000 Rad/hr) for extended duration,
wireless transmission of sensor information out of the canister, and
a sensor power supply longer than the present typical battery life of 10 years.

The biggest technical challenge will be transmission of sensor information out of
the welded canister. Ultrasonic transmission and magnetic inductive coupling through the
canister wall appear to be possible methods for doing so, and ‘proof‐of‐principle’ work has
been performed on each method. For example in 2006, Murphy and co‐workers [51,52]
successfully collected U/S signals through a 6‐inch (152‐mm) thick steel wall. In 2008, a
patent application was filed by Wilhelm et al. [53] for magnetic communication through
multiple metal barriers. However, the methods require either a transducer or a coil, and a
power supply, on the inside of the canister. Although power could perhaps be harvested
from the SNF activity, the methods are far from practical use without considerable R&D.
5.7

‐ray Scanning

Monitoring the variation in low‐level ‐ray activity detected on the exterior of a
DCSS may be useful in several ways: to determine degradation in the shielding properties
of the overpack; to indicate spatial change in the distribution of SNF within the DCSS; or,
more likely, to indicate some combination of the two effects.
There are three levels of ‐ray monitoring—in ascending order of sophistication,
they are:  imaging,  ‘finger‐printing’ of DCSSs for safeguards purposes, and finally, full‐
blown ‐scanning to produce 3‐D maps of activity within DCSSs. Each is described.
5.7.1 ‐Imaging Systems
At the simplest level, commercial scanning units, such as the RadScan 800 4 
Imaging System (Fig.23) developed by Pajarito Scientific Corporation , which superimpose
activity measurements on visual images, have been used to map contamination hot spots at
several nuclear power plants [54].

Fig.23. The RadScan 800 4  Imaging System
Left: The assembled system; Right: Schematic of detection head
(Courtesy: Pajarito Scientific Corporation; Ref.50)
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Quoting from Ref.50: “The RadScan 800 unit, Fig. 23 (left), is a remotely operated,
highly collimated, scanning low resolution ‐spectroscopy detector that is combined with
video capture and data handling and analysis software. The detection system is comprised
of a detection head located on a pan/tilt unit. An electronics control box is attached to the
pan/tilt unit and provides initial processing of the radiation detection signal as well as
positioning electronics.”
“The detection head, Fig. 23(right), houses a Na(I) scintillation detector encased in a
tungsten collimator with a 4‐degree aperture. Spatial resolution can be increased using a 3‐
or 2‐degree insert. Located next to and in‐line with the collimator are a laser range finder
and a conventional CCD camera with automatic zoom and aperture. To construct a
radiometric overlay image the RadScan™ acquires both radiometric and conventional
image data for the entire area to be surveyed. These data are obtained in a series of ‘single
shot’ acquisitions. Once started the acquisition process is fully automated, requiring no
manual intervention or monitoring.”
Such a unit could be used during visual inspection of the exterior of DCSSs to
correlate areas of overpack degradation with increased γ activity.
5.7.2 ‘‐Fingerprinting’ DCSSs
At the next level of sophistication is the ‘‐fingerprinting’ work that was performed
at INL in 2004 to monitor the contents of DCSSs for safeguards purposes [55,56]. Figure 24
shows images that were obtained for one of the six DCSSs stored at INL—the Westinghouse
MC‐10 cask, which contained PWR assemblies in 18 of 24 possible locations, for a total of
15 metric tonnes of heavy metal. The ‐ray images are superimposed on optical images of
the MC‐10 cask (a clearer optical image of this DCSS appears on the extreme left of Fig.4).

Fig.24 -ray images of the MC-10 cask. The wide-angle image (left)
and zoomed-image (middle) show little structural detail but are clearly of
different shape than the top view (right). (Courtesy: Ziock et al, Ref.56)
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The ‐ray imager is shown schematically in Fig.25 (left); it consisted of a coded‐
aperture mask [57] projected onto a CsI(Na)‐based, position‐sensitive ‐ray detector. A
visible‐light video was co‐aligned with the imaging axis and used to record an optical image
before each run. Figure 25 (right) shows the ‐ray imager looking down on the MC‐10 cask
for production of the right‐hand image in Fig.24.

Fig.25 -ray imager used to fingerprint the MC-10 cask
Left: Schematic of the imager; Right: The imager recording the top view of the cask
(Courtesy: Ziock et al., Ref.55)

In addition to the ‐ray imager, a ‐ray spectrometer, Fig.26 (upper), was used to
record the ‐ray spectra of the SNF within the DCSSs. The spectrometer consisted of an N‐
type coaxial high‐purity germanium detector, collimated with a bismuth annulus that
restricted the field of view to 10 degrees; Fig. 26 (lower) shows the spectrum obtained
from the MC‐10 cask. The major photopeaks from the SNF were due to decay of Cs‐137,
Eu‐154 and Co‐60.
Ziock and co‐workers concluded that the ‐ray images were dominated by the
radiation component that was scattered by the shielding of the casks. Although the six
casks produced strikingly different  images (a sort of fingerprinting), this was why the
images themselves exhibited little structural detail—a disappointing result.
The investigators emphasized, however, that prominent photopeaks in the ‐ray
spectra must originate from unscattered radiation, since Compton scattered ‐rays showed
up below the photopeak energies. Hence ‐rays in the photopeaks were not scattered by
shielding. This conclusion has important consequences, as described in the next section.
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Fig.26 -ray spectrometer (Courtesy: Ziock et al., Ref.56)
Upper: The spectrometer mounted on a step ladder
Lower: Gamma-ray spectrum from the MC-10 cask

5.7.3 ‐Ray Tomography
The conclusion by Ziock that γ‐rays in the photopeaks of the cask spectra were not
scattered by shielding meant that standard γ‐ray scanning, with multi‐channel analysis—as
used in normal examination of fuel rods and assemblies—may be used to produce (,z)
scans of fission‐product activities in vertical cylindrical DCSSs, as shown in Fig.27. From
these scans 3‐D plots of  activity could be constructed. In other words, γ‐ray tomography
should be feasible.
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Such detailed scanning will require ability to move the γ‐ray detector in a
reproducible, prescribed fashion over the cylindrical surface of DCSSs. This ability will
allow slight changes to be discerned in the spatial distribution of γ activity from one
examination to the next, which may indicate changes in SNF condition during storage. The
scanning will be lengthy, taking days to complete, although this hardly seems an issue for
SNF that will be stored for decades.

Fig.27. Sketch of the method for γ-ray tomography of a DCSS

Obtaining γ activity in three dimensions may be the NDE method of choice for a
demonstration program, giving the clearest picture of the situation inside sealed SNF
canisters or bolted casks. Software to construct 3‐D maps of γ activity is available as a
result of, for example, the need to assay drums of radioactive waste [58]. Being an
immobile fission product Eu‐154 will provide the most accurate picture of fuel distribution.
However, its 8.6‐year half‐life will render it useful for only 40 years after reactor discharge.
In the long term, Cs‐137 with its half‐life of 30.2 years may be the only practical
radioisotope.
A video camera and thermal imaging device should be mounted with the shielded γ
detector in order to allow visual inspection and temperature measurement concurrently
with obtaining γ activity data. Obviously, systems will be required for data acquisition and
precision control of detector movement by computer.
37

5.8

Inspection Methods for Concrete

Reinforced concrete forms an integral part
of the majority of modern designs of DCSS,
primarily on the grounds of its attractive cost
compared with that of all‐metal systems.
Although concrete plays only a passive role in the
shielding of SNF canisters or casks, nonetheless
its long‐term stability is essential to isolating SNF
from operators and the general public (see
Fig.28). The periodic and systematic examination
of its condition is therefore of high importance.
Fortunately, because concrete is widely
used in buildings, bridges and roads, many non‐
destructive examination (NDE) methods have
been developed for testing concrete. The methods
are well documented; for example, by the
American Concrete Institute (ACI).

Fig.28. Reinforced concrete WW-II “pill
box” on south coast of England, illustrating
the effects of 70 years of marine climate on
structural stability of concrete.

5.8.1 Traditional NDE Methods
A recent ACI subcommittee report [59] reviewed the field of NDE testing in seven
method areas—visual inspection, stress‐wave, nuclear, magnetic and electrical, pene‐
trability, infrared thermography, and radar. An eighth area of stress‐wave methods for
deep foundations does not apply to DCSSs except in relation to the concrete pads on which
they are placed.
Four of the twenty NDE methods identified by the ACI Committee seem appropriate
for further consideration for monitoring changes in DCSSs: visual inspection, sonic echo
(Schmidt Hammer), backscatter radiometry, and half‐cell potential. A fifth method—ultra‐
sonic (U/S) pulse velocity—may possibly be applicable to monitoring the concrete walls
and roofs of NUHOMS DCSSs. The methods are summarized in a self explanatory fashion in
Table 6. Brief comments on several of the methods follow.
Visual Inspection: Inspection of air vents is required daily for most DCSSs. Routine
weekly or monthly inspection of the DCSS exterior should also be carried out, preferably
with an automated video camera system similar to the RadScan™ 800. All‐weather CCTV
systems that could be used for such surveillance abound. The ability to alarm on the
detection of a new surface artifact, and the ability to zoom in and record the same, would
be desirable system features.
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Table 6
NDE Methods for Concrete Structures
(Courtesy: A. G. Davies, Ref.59)

Method and Principle

Applications

Advantages

Visual Inspection—observe,
classify and document
appearance of degradation on
exposed surfaces of structure

Maps degradation such
as cracking, spalling,
scaling or erosion, or
construction defects

Straightforward
method, easily
recorded data; may be
automated. Inner faces
can be examined using
a borescope

Qualitative; may be
difficult to discern
trends in data

Determines location of
cracks, delaminations,
voids, etc.

Access to only one
face
needed. Uses available
equipment. Can locate
variety of defects

Requires
experienced
operator. Limited to
testing members of
<2 m thickness

Determines in situ
density of fresh or
hardened concrete

Access to only one
face
needed, and suitable
for fresh or hardened
concrete. Rapid,
portable equipment.

Half-cell Potential—Measure
difference in voltage between
rebar and reference electrode.
Measured voltage indicates
likelihood of rebar corrosion

Identifies regions of
reinforced concrete
where there is high
probability of corrosion
at time
of measurement

Lightweight portable
equipment provides
indication of likelihood of corrosion at
the time of testing

U/S Pulse Velocity—measure
the travel time of a U/S pulse
over known path length

Determine the relative
condition of concrete
based on measured
pulse velocity

Portable equipment
that is relatively easy
to use

Requires licensed
operator. Precision
affected by surface
material, sensitive to
chemical
composition
Requires electrical
connection to rebar;
not applicable to
resin-coated rebar.
No indication of
corrosion rate.
Experience needed
to interpret.
Generally requires
access to two sides;
provides no data on
depth of defect

Sonic Echo—Hammer
impact on surface and a
receiver monitors reflected
stress wave. Time-domain
analysis used to determine
travel time
Backscatter Radiometry—
measure intensity of highenergy EM radiation reflected
from
the near surface region of
concrete member

Limitations

Sonic Echo: The sonic echo, or Schmidt hammer, method is widely used to determine the
compressive strength of concrete [29]. Figure 29 shows the relationship between the
rebound parameter Q determined by the Silver Schmidt Hammer [60], which is available
commercially from Switzerland, and the compressive strength of concrete. Periodic,
systematic surveillance, for example, of the walls of horizontal storage modules (HSMs) of
the NUHOMS DCSSs or the cylindrical walls of the Hi‐Storm DCSSs by this method would
help to determine the onset of any degradation in the concrete.
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Fig.29. Relationship between rebound value Q and compressive strength
of concrete determined by the Silver Schmidt Hammer (Ref.56).

Backscatter Radiometry: This method may have unique application—using the  activity
of the SNF itself to interrogate the condition of the concrete overpack. The RadScan™ 800
system, described in §5.7.1, would be the type of instrument needed to perform such
inspection. Degradation of the concrete would be indicated by an increase in gamma
activity detected on the exterior of the DSCC between one inspection and the next. The
method would require an accurate scanning protocol in order to avoid spurious indications
of change in gamma activity.
Half‐cell Potential: This method to detect corrosion of concrete rebar requires that
electrical connection be maintained with the rebar. The method is therefore likely to be
useful only for the DCSSs used in a dry cask demonstration program, not for units currently
in use commercially.
U/S Pulse Velocity: The UPV method ideally requires access to both sides of a concrete
structure to allow a transducer to emit pulses in the 20‐100 kHz range and for a detector
on the far side to measure time‐of‐flight through the structure. The pulse velocity is then a
relative indicator of the concrete quality through the structure. Figure 30 shows the
honeycombing that was detected in a concrete highway sign column in this way [61].
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Although local scanning of
concrete walls in the NUHOMS
DCSSs might just be feasible with
detectors inserted via the air
vents, UPV measurements can best
be performed having the trans‐
ducer and the detector on the
same face, the 'indirect' config‐
uration [62], Fig.31. Such scanning
reveals defects in the surface layer
of the concrete. A commercially
available UPV unit [63] by GENEQ
Inc., Switzerland, is shown in
Fig.32. The relationship between
the quality of concrete and the
pulse velocity is given in Table 7.

Fig.30. UPV tomography of a
concrete highway sign with honeycombing of the structure revealed by
reduced pulse velocity (Ref.61).

Fig.31. Three ways to attach a transducer and detector on a concrete structure
for UPV measurements: direct, semi-direct, and indirect (Ref.62).
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Fig.32. The PunditLab UPV tester manufactured by GENEQ Inc.,
Switzerland; a transducer head is visible at bottom left (Ref.63).
Table 7
Concrete Quality versus Pulse Velocity
Pulse
Velocity
(km/s)
Above 4.5
3.5 to 4.5
3.0 to 3.5
Below 3.0

Concrete Quality
(Grading)
Excellent
Good
Medium
Doubtful

5.8.2 Embedded Sensors
Remedying the effects of corrosion, stress fractures and other modes of damage in
concrete can be both expensive and time‐consuming. Thus, there has been an increasing
emphasis recently on monitoring the ‘health’ of concrete in buildings and bridges on a
semi‐continuous basis using various types of embedded sensor [64]. The sensors can
provide an early‐warning system for assessing damage before safety issues arise.
Lange et al. [65] describe a field‐ready system of inexpensive relative‐humidity
(RH)/ temperature sensors permanently embedded in concrete which will communicate to
a small, battery‐powered data acquisition system. Figure 32 illustrates the packing
procedure used to encase the RH/temperature sensor SHT7x manufactured by Sensirion
Inc., Switzerland [66]. The system was used on concrete slabs in the field; the authors
commented: “making it possible to learn about the impact of daily temperature and
humidity cycles, and the impact of rain events.”
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Fig.32 RH/temperature sensor packing procedure
(Courtesy: Lange et al., Ref.65).

SRI International is in the process of developing Smart Pebbles™ for the California
Department of Transportation [67]. Smart Pebbles are wireless chloride‐threshold sensors,
literally the size of a pebble, which can be embedded into existing concrete or included
when pouring new concrete and used to detect chloride ingress. An external reader
provides power to the wireless sensor to enable it to transpond its ID number and status.
SRI is also developing temperature sensors activated in the same way. Both sensor types
are of great interest for potential use in a DCDP as a precursor to use in the field.
6.

Summary and Recommendations

The preceding sections described the history and types of dry cask storage systems
that have been developed in the U.S. to deal with commercial SNF. Prior and current areas
of research on DCSSs in the U.S. and Japan were also reviewed. Finally, potential methods
for monitoring the condition of DCSSs were discussed. Table 8 summarizes these methods
by the parameter or phenomenon being monitored, and by the stage of development of the
method; i.e., whether it is: (i) currently used in the field, (ii) likely deployable in the near
term (1‐3 years), or (iii) deployable in the longer term (four or more years).
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Table 8
Potential Methods of Monitoring DCSS
Condition during Normal Operation

Parameter/
Phenomenon
Fuel
failure
Fuel
relocation

Monitoring Method/Stage of Development
Current Field
For Near-Term
For Longer-Term
Practice
Field Deployment
Development
Pitch-catch speed of
sound (SoS) across
Current method
None
canister gas space1
sufficient
[§5.6]
Changes in DCSS
γ tomography of DCSS
thermal and γ images
None
[§5.7.3]
[§5.3.5; §5.7.1]

Canister
temperature

Inferred from T/C reading
at surface and COBRA
calculations

Change
in DCSS
cooling

Inspection of cooling
vents for debris

Canister
corrosion

None

Canister
leakage

None2

Bolted
cask
leakage

Alarmed on ΔP
in space between
inner and outer lids

Overpack
structural
stability

Visual inspection
of concrete surfaces

Surface γ
dose rate

Routine radiological
surveillance of DCSSs

Thermal imaging
using borescope
[§5.3.5; §5.4.1]
Temperature-indicating
RFIDs and/or SoS devices
in vents [§5.8.2]
Borescope inspections;
SaltSmart™ coupons
for brine deposits
[§5.4.1]
Outlet air monitored for
increase in SoS due
to helium leakage
[§5.5]

U/S or fiber optic
temperature sensors
on canister surface
[§5.3.3; §5.3.4]
Current methods
sufficient
Miniaturized EMAT
monitoring of welds
and surface layers
of canister [§5.4.2]
ΔTBT using fiber optic
temperature sensors
on canister [§4.3.2.2]
to annunciate large leak
(in vertical DCSSs only)

Current method
sufficient
Programmed visual
inspection; Schmidt
Hammer; γ imaging
[§5.7.1; §5.8.1]
Integrate with visual
inspection [§5.4.1] and
γ imaging [§5.7.1]

1Welded

U/S pulse velocity;
Smart Pebbles™
[§5.8.1; §5.8.2]
Integrate with DCSS
γ tomography

inner and outer lids assumed to preclude canister leakage.
and krypton from failure(s) will reduce SoS in helium fill gas,
superior to Kr‐85 method which needs special lid and is limited by half‐life.
2Xenon
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We conclude that a variety of non‐obtrusive methods are feasible for the long‐term
monitoring of dry cask storage systems. Methods range from measuring the speed of sound
in air as a means of detecting helium leaks from canisters to traditional non‐destructive
examination methods for determining structural integrity of concrete.
Some methods—such as monitoring overheating by measuring the speed of sound
in the cooling air that exits a dry cask storage system—could be developed and usefully
deployed rather quickly at independent spent fuel storage installations. Other methods,
such as SaltSmart™ coupons to measure salt deposition on canisters (to be used in field
trials later this year), may need refinement before widespread use. Yet other methods, like
the use of γ‐ray tomography for detecting fuel relocation, require not only further R&D but
also expensive equipment. They may be more applicable to the dry cask demonstration
program being considered by the Nuclear Regulatory Commission than to use in the field.
Specific recommendations regarding monitoring of dry cask storage systems are:











Electromagnetic acoustic transducers should be actively pursued for detecting
canister corrosion because they can monitor the condition of welds on the inner
side of a canister wall and because they do not require a coupling medium.
The current method of monitoring for a leak in bolted dry casks by a change in
pressure in the space between inner and outer lids has worked well and needs
no improvement.
Measuring the speed of sound to determine helium leakage from canisters, air
temperature, and possibly fuel failure should be developed as a usable method
by miniaturizing current “pitch‐catch” ultrasonic cavities for use in the field.
Detecting fuel failure by Kr‐85 activity warrants minimal further development
because the isotope’s 10.7‐year half‐life restricts its use to cooling times less
than about fifty years.
Visual inspection and thermal/γ imaging of dry cask storage systems need to be
automated to allow reliable detection of change in fuel configuration.
Methods now used to monitor the integrity of concrete buildings and bridges
should be further evaluated for application to dry cask storage systems. The
Schmidt Hammer test, the indirect measurement of ultrasonic pulse velocity, and
Smart Pebbles™ that can detect chloride intrusion are promising techniques.

An overall recommendation is that:


Monitoring methods must be carefully evaluated for application to the unique
geometries and limited component clearances in dry cask storage systems.
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Appendix A:
Dry Cask Storage Systems in the U.S. by Vendor and Utility
as of 7 February 2012
(Courtesy UxC, Ref.15)
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