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DEVELOPMENT OF THE
UNIVERSAL FUEL ROD CONSOLIDATION
MACHINE TOOL
W. J. WACHTER
U. S. TOOL & DIE, INC.
1.0

Introduction

The axial motion of spent fuel rods to provide a
transformation from an open square lattice array to a
tight triangular pitch array was the defined task of
the "Universal Fuel Rod Consolidation Machine Tool".(Fig.l)
With the above solid state motion of long thin cylinders
defined as the task, added requirements were imposed
by the nature of the thin cylinders being handled. The
structure being handled is a thin walled cylinder of
zircaloy imbrittled by irradiation exposure and possible
hydriding. (Fig.3) Any impact shock loads will lead to the
possible brittle failure of the fuel cladding and must
be avoided at all cost. The physical condition of the
fuel rod cladding dictated the mode of motion in the
machine tool. (Fig.2) This motion was a closed path controlled
motion completely free of impact loads.
Progressive development of the machine will be
presented in the form of actual components used in the
R&D phase of the tool development. In addition, graphs
and tables of the various loads/stresses calculated and
measured will be presented.
Finally, one of the actual working feeder/funnel
units will be on display.

P-l

2.0

Description

The early development in the UST&D consolidation system
was tested at Barnwell. The ability of the UST&D funnel
to consolidate fuel to a 2 to 1 ratio was repeated by
demonstration. Continuous traceability of fuel rods was
also demonstrated.
The first rod feed was collet type draw line system.
Collets were slipped in fuel rod ends and the rods pulled
through the funnel. The next system replaced the collet
with the weld cap and draw tube. Finally, the twin jack
arrangement was developed thus eliminating draw lines and
draw tubes.

3.0

Conclusions

The final version of the UST&D consolidation system
has proven to be the best system for consolidating nuclear
fuel rods in a tight array. This system has the lowest
in clad stresses providing the safest method of rod
consolidation (see table).
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TABLE I
FUEL ROD CONSOLIDATION STRESS RATIO*

1.

AREA
END CAP

2.

CLADDING

BEARING
TENSION

.2
.4

.8 to 1 .0
.2

3.

END CAP
to CLADDING
WELD

TENSION

.1

.6

4

IMPACT **
FACTOR

BENDING

0.1

BEARING

•STRESS RATIO =

UST&D
.2

OTHERS
1.0

.8 to 1 .0

ACTUAL STRESS
ALLOWABLE STRESS

** SEE FIGURE 2
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FIGURE 1

GUXDE FOUMEL

HANDLING
IMPACT FORCE

HANDLING
IMPACT FORCE
NON FUNNEL
HANDLING

FUEL ROD SUPPORT
FUNNEL CONSOLIDATION

FIGURE 2
FUEL ROD SUPPORT
DURING CONSOLIDATION

P-5

POST-IRRADIATION

YIELD STRENGTH

OF ANNEALED ZIRCALOY
140

I

I

w 120

I

I

I

I

I

STRAIN RATE =0.02 W I N MIN""

fi.

o
o

S soo

I 80

nvt(>.62SMeV|

o

60
40

I

20
_ UNIRRAOIATED
0

I

I
200

I
i
L
400
600
GOO
TEMPERATURE i*FJ
i

FIGURE 3

P-6

I

100®

FAILED FUEL ROD ULTRASONIC
DETECTION SYSTEM OF BROWN BOVERI
Bernard J. Snyder
Vice President & Technical Director
BBC Brown Boveri Nuclear Services, Inc.
INTRODUCTION
Detection of failures in a fuel assembly has been accomplished by a number of techniques, including sampling the reactor coolant system during
operations, sipping each assembly after discharge, eddy current testing
of removed fuel rods, and ultrasonic inspection. An advanced ultrasonic
system developed by Brown Boveri with the assistance of Krautkramer has
been utilized to identify individual failed fuel rods. High reliability
has been demonstrated in the rapid inspection of assemblies in the U.S.
and overseas utilizing the Brown Boveri system. Analyses have been done
to demonstrate the benefits of fuel inspections for a number of applications.
EXPERIENCE WITH BROWN BOVERI
FAILED FUEL ROD DETECTION 3YSTEM (FFRDS)
Brown Boveri has accumulated experience with their FFRDS by performing
inspections of over 1,100 PWR and BWR fuel assemblies with over one
quarter million rods since 1979 (see Table I.). A total of 316 failed
fuel rods have been positively detected, many of which would not have
been identified by conventional sipping techniques which are frequently
unreliable for low burnup, long-cooled, or surface contaminated fuel.
Superiority over conventional sipping techniques has been clearly
demonstrated by a comparative study of 100 assemblies. In this comparison, where both sipping and FFRDS inspections were used, 15 percent
of the cases showed contradictory results. After performing further
visual or fuel rod removal checks, the results showed conclusively that
the FFRDS data were correct, and the sipping data were incorrect in
every case. Thus, experience has clearly shown that the FFRDS results
provide significantly greater assurance of the true condition of the
fuel. The theory of operation of the FFRDS has been described elsewhere (Ref. 1). A typical M data sheet from an ultrasonic inspection is
given in Figure 1. The "X shows a clear indication of a failed fuel
rod with an attenuated UT signal. The ultrasonic (UT) technique detects
quantities of water within a fuel rod as low as 0.5 gm, without the need
for active leakage of fission products at the time of measurement. This
results in higher detection accuracy than is possible with existing
sipping techniques. Table II provides a comparison between ultrasonic
and wet or dry sipping. By using flexible, separate UT transmitting
and receiving probes with a through-transmission technique, satisfactory
measurements of fuel rods can be made even when passing along a row of
rods which includes guide tubes of larger diameter or fuel which may be
bowed or twisted.
Precise alignment of the double probes with each fuel rod is not necessary with the FFRDS, whereas single probe UT systems are subject to
false signals if misalignments are caused by guide tubes of larger
diameter than fuel rods.
P-7

TABLE I
BBC BROWN BOVERI NUCLEAR FUEL INSPECTION EXPERIENCE
United States Experience

-o
1

00

Fuel Design/
Supplier

Number of
Fuel Assemblies
Inspected

Number of
Fuel Rods
Inspected

95
32

21,375
6,272

32

7,200

Date

Nuclear Plant

2-3/83
10/83

Surry
Millstone 2

10/83

Turkey Point

PWR 15xl5/W
PWR 14xl4/W
(CE-typeT
PWR 15xl5/W

3/84
5/84
9/84

Farley
Calvert Cliffs
D. C. Cook

PWR 15xl5/W
PWR 14xl4/CE
PWR 17xl7/W

12
7
20

2,700
1,372
5,780

3/85

Millstone 1

PWR 14xl4/W

33

6,468

(CE-typeT
9/85
10-11/
81
10/85

Surry 1 & 2
San Onofre 3

PWR 15X15/W
PWR 16xl6/CE

40
92

9,000
23,552

Yankee Rowe

PWR 16xl6/Exxon

36

9,216

399

92,935

SUBTOTAL

TABLE I (cont)
Overseas Experience
Date
10-11/
79
12/79
5/80
6/80
8/80
9/80
u>

4-5/81
6/81
2/82
2/82
6/82
11/82
11-12/
82
2/83
2/83
6/83
9/83
11/83
11/83

Number of
Fuel Assemblies
Inspected

Number of
Fuel Rods
Inspected

Nuclear Plant/
Country

Fue1 Design/
Supplier

Laboratory/FRG

PWR 17xl7/BBC-BBR

l(a)

Biblis B/FRG
Biblis B/FRG
Biblis B/FRG
Unterweser/FRG
Centre d'Etudes
Nucleaires/France
Wurgassen/FRG
Biblis B/FRG
Kumatori Works/Japan
Takahama/Japan
Bugey 2-5/france
Biblis A/FRG
Biblis B/FRG

PWR
PWR
PWR
PWR
PWR

16xl6/KWU
16xl6/KWU
16xl6/KWU
16xl6/KWU
17x17/Fraitia tome

3 (b)

BWR
PWR
PWR
PWR
PWR
PWR
PWR

7x7/KWU
16xl6/KWU
15xl5/NFI
15xl5/W/MHI
17x17/Framatome
16x16/KWU
16xl6/KWU

17
27
5
10
4
4

833
6,912
225
1,125
2,890
1,024
1,024

Neckarw./FRG
Doel 2/Belgium
Doel 2/Belgium
Doel 2/Belgium
Wurgassen/FRG
Philippsburg/FRG

PWR
PWR
PWR
PWR
BWR
BWR

15xl5/KWU
14x14/Framatome
14xl4/Framatome
14xl4/Framatome
7x7/KWU
7x7/8x8/KWU

11
104
36
126
3
22

2,475
20,384
7,056
24,696
147
1,243

4
x (c)
12
i(a)

j(a)

289
768
1,024
256
3,072
289

TABLE I (cont)
Date
3/84
8/84
10/84
7/85
11-12/
85

Nuclear Plant/
Country
Tihange/Belgium
Doel 2/Belgium
Kori/Korea
Biblis B/FK
Doel 2/Belgium

Fuel Design/
Supplier
PWR 15xl5/Exxon
PWR 14xl4/Framatome
PWR 14xl4/W
PWR 16xl6/KWU
PWR 14xl4/Framatome
SUBTOTAL
OVERSEAS & U.S. TOTAL
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NOTES:
(a) out-of-pile qualification
(b) in-pile qualification
(c) out-of-pile demonstration

Number of
Fuel Assemblies
Inspected
94
122
23
11
126
768
1,167

Number of
Fuel Rods
Inspected
21,150
23,912
4,508
2,816
24,696
152,814
245,749
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FFRDS
PLOT OF DEFECTIVE M E L ASSEMBLY

Figure 1. Typical plot of defective fuel assembly.
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TABLE II
BBNSI-FFRDS ULTRASONIC FUEL DETECTION
COMPARISON WITH CONVENTIONAL SIPPING
FFRDS
FAILURE
IDENTIFICATION
RESULTS
ANALYSIS

LOW BURNUP FUEL
LONG COOLED
SPENT FUEL
FALSE
INDICATIONS
OF LEAKAGE

RADIOACTIVE
MATERIALS
SPEED OF
MEASURfKENTS
PLANT
SERVICES
REQUIRED
ACCURACY

COST

Sipping

Individual failed rods

Leaking fuel assembly
only; no rods identified

Real time allowing
immediate decisions by
utility

Delayed for radiocK^mistry

Failures readily detected

Failures may not be seen

Prior failures readily
detected; no active
leakage required

Failures frequently
missed; active leakage
required

External contamination of
fuel has no effect

Contamination of fuel
surfaces or sipping
system gives ambiguous
results

No radioactive liquids or
gases to be controlled

Radioactive liquids or
gases must be handled
and controlled

About 15 minutes per
assembly

Sampling plus analysis
tintes are longer

None other than electric
power

Hot chemistry lab or
shielded area required

Better than 99 percent using No better than 85 percent
eddy current testing of rods in direct comparison with
as standard
FFRDS
--FFRDS and sipping costs per assembly are comparable—

CONCLUSION: FFRDS speed, accuracy, ability to localize failed pins
eliminates the need for any sipping. No advantages to
doing sipping and FFRDS; would result in delays with no
improvements in accuracy.
P-12

The FFRDS has the following features:
. No disassembly of fuel bundle for inspection
. Immediate and highly accurate identification of individual leaking rods without waiting for chemical analyses
. Accurate on fuel with low burnup or stored for long periods, with
no ambiguity due to surface contamination of fuel
. No radioactive gases or liquids to be controlled
. Relatively compact equipment which is readily decontaminated
Confirmation of the accuracy of FFRDS measurements was demonstrated
recently when fuel which had previously undergone time-consuming disassembly and eddy current (EC) testing of individual rods was reinspected
by the Brown Boveri system. Nearly one hundred percent of the individual
fuel rods inspected by the FFRDS ultrasonic system were confirmed by
eddy current testing as to leaking and sound fuel rods. In only
2 rods out of more than 4,000 was any discrepancy noted between UT
and EC. The FFRDS is rapidly replacing slow and expensive eddy current
techniques prior to reconstituting fuel assemblies.
FFRDS inspection experience with essentially every type of LWR fuel
(Table I) has demonstrated the accuracy and ease of measurements possible
with this ultrasonic system. Figure 2 shows the expanding usage of the
Brown Boveri system, both in the U.S. and overseas. Numerous applications
of these measurements are possible.
APPLICATIONS FOR FUEL ROD INSPECTIONS
A prudent nuclear utility operator will want to maintain reactor coolant
system fission product activity levels well below any limits imposed by
regulations for safety reasons. Utilities have found significant economic
advantages to locating and removing from service any failed fuel. Economies are realized while following good ALARA practices to achieve lower
radiation levels for maintenance and normal plant operations. The current
trend to establish coolant activity level limits of 10*3 uC/ml dose
equivalent iodine is clearly appropriate to help reduce U.S. worker
exposure levels down to those being achieved overseas. By routinely
inspecting every fuel assembly to be reinserted for further burnup after
each refueling, a plant can be assured of achieving the lowest feasible
fission product contamination in the primary system.
With an increasing trend toward extended burnup of nuclear fuels, having
a reliable and rapid system for identification of individual failed fuel
rodr. will become more important to each utility. Even without extended
burnup, considerable economic benefits can be achieved by reinsertion of
reconstituted partially burned fuel assemblies. However, before reconstitution is possible, positive identification of individual defective
fuel rods is a requirement. Clearly, the most cost-effective method of
reliably identifying individual defective fuel rods is with the FFRDS.
For a typical fuel assembly which is inspected with the FFRDS and found
to have failed fuel rods after one cycle, the cost of inspection is less
P-13

Brown Bovari FFRDS Inspections
U.S. • OVERSEAS
US

84

Figure 2.

Brown Boveri FFROS Inspections.
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than approximately 0.4% of the residual value of the unburned fuel.
Proper long-term management of spent fuel also requires inspection for
failed fuel. ALARA considerations dictate that spent fuel pools be kept
as free of fission product activity as practicable. This can be achieved
by a systematic program of inspection of all discharged fuel and isolation of defective assemblies. The most efficient method of doing this
is with the Brown Boveri Failed Fuel Rod Detection System which can
identify individual failed rods, even for low burnup and/or long-cooled
spent fuel. Even if no actions other than isolation of the failed
assembly are taken in the short term, the utility will know which individual fuel rods must eventually be removed from the assembly prior to
shipment and disposition of the spent fuel. Removal of these rods is
mandated by the NRC requirements that preclude either dry storage or
off-site shipment of any fuel with known failures. These restrictions
for dry storage apply either at the reactor or for eventual off-site
storage at a DOE facility such as the proposed Monitored Retrievable
Storage (MRS) facility.

REFERENCES
1. Baro, G. and H. Boehw. 1985. "Operational Experience Gained with
the Failed Fuel Rod Detection System in Nuclear Power Plants."
Presented at the Non-Destructive Testing Conference, Las Vegas,
Nevada, U.S.A., November 1985.
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THE ADDITION OF AIR-COOLED DRY VAULT STORAGE
FACILITIES TO OPERATING NUCLEAR PLANTS
B. R. Cundill, D. J. Wheeler
GEC Energy Systems Ltd.,
Whetstone, Leicester, England.
and R. 0. Barrett
FW Energy Applications Inc.,
Livingston, New Jersey 07039

ABSTRACT
Natural thermosyphon, air-cooled dry vault storage offers a passive,
economical, operator-friendly, minimum footprint method of extending
irradiated fuel storage facilities at a fully operational nuclear power
installation. The concept permits the location and integrity of each
fuel assembly to be clearly and continuously monitored. Proven, safe
and reliable irradiated fuel handling techniques permit easy, routine
reception of fuel assemblies into store, and transfer as or when desired
to an off-site repository or reprocessing plant.
Experience in the successful design and construction of air-cooled
irradiated fuel storage vaults on a twin 590 MWe nuclear power plaVit is
reviewed, together with the subsequent 14 vault years of operating
experience.
Factors involved in the adaptation of the above experience and
development of the concept to suit US light water reactor fuel storage
reg'.latory requirements are examined.
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THE MODULAR VAULT DRY STORE (MVDS)
The on-site MVDS provides an economically attractive means of bridging
the gap between the time when a given operating nuclear station storage
pool loses full core reserve capacity and the time when the proposed
Federal Monitored Retrievable Storage (MRS) facilities may be ready.
The MVDS covers the circumstances where fuel which has already spent an
appropriate period in an existing pool, may be required to be further
stored up to several decades before being sent to an MRS. The MVDS can
be built on a fully operational power station. It is also possible to
add furthf storage modules as required, again without disturbance to
the normal operation of the generating plant.

COOLING AIR OUTLET
DUCTS (S OFF)

ROLLER DOOR (OPEN)
TRANSFERCASK
HANDLING CRANE

VAULT MODULES
VNH5OFF)
CHARGE FACE SLABS
CHARGE FACE STRUCTURE

SHIELDED STORAGE TUBE-SSTs
AID-INLET MESH
COOLING AIR INLET DUCTS

TRANSFER CASK
TRUCK & TRAILER

TRANSFER CASK-TC
RECEPTION BAY ENTRANCE

Figure 1 Modular Vault Dry Store Arrangement
The Store (Fig 1) is designed for the vertical storage of irradiated
fuel assemblies. The basic building comprises one or more storage
modules with a reception/dispatch facility located at one end. The end
remote from the reception/dispatch facility is designed to allow the
addition of further storage modules.
Un-containerised irradiated fuel either in its original or consolidated
form is stored within a bank of blind-ended tubes (Fig 2 ) . Each tube Is
plugged and sealed at its upper end and is connected into a common
manifold system composed of small bore pipework. The system forms a
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static, sealed primary containment envelope of high integrity, for the
stored fuel.
The MVDS design permits selection of either inert gas storage or air
environment storage. If required a mode of operation can be adopted
whereby the storage environment is changed from inert gas at a slight
positive pressure to air at a slight depression when fuel decay heat
values have decreased sufficiently to allow air storage temperature
limits to be achieved.

Figure 2 MVDS Natural Convection Cooling
Decay heat from the spent fuel is indirectly rejected to the environment
entirely by highly reliable passive heat transfer processes. Primary
heat rejection from the spent fuel to the sealed containment envelope is
by radiation and convection. Secondary heat rejection from the outside
of the containment envelope to the environment is produced by a
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self-regulating natural thermosyphon buoyancy-driven cooling flow using
ambient, air flowing over the outside of the storage tubes. This cooling
air-flow is drawn by buoyancy forces from the outside of the vault, via
ducting, and then across the tube bank before exiting to the atmosphere
via the discharge ducts. The effectiveness of the cooling system is
such that maximum fuel pin temperatures will oe around 150°C for 5-year
decay fuel assemblies.
Because the fuel is indirectly cooled there is no contact between the
primary gas or air environment within the containment envelope and the
secondary cooling air discharged to the atmosphere. Storage tube gas or
air flow through the small bore pipework manifold system will be
nominally zero in normal circumstances. Monitoring for flow can provide
continuous monitoring of the leak-tightness of the containment envelope.
Any discharge from the manifold system is filtered. In the unlikely
event of degradation of a storage tube, the fuel can be removed at any
time using the fuel handling machine, and the tube isolated.
The containment afforded by the storage tubes is surrounded by solid
biological shielding. The structural properties of this arrangement,
together with the system of storage tube support, also provides
protection against extreme external incidents, eg, missile impacts,
seismic disturbance, etc.
Irradiated fuel is remotely handled into and out of the storage tubes by
a fully shielded handling machine (Fig 3 ) .
With the storage tubes removed, no permanent steelwork structures (or
monitoring pipework) exist within the storage vault, which could be
subject to long term degradation by corrosion.
The handling machine is capable of incorporating the necessary visual
inspection and monitoring equipment so that the fuel assemblies in the
tubes can be inspected when desired.
Remote viewing inspection equipment on the machine can visually examine
any chosen assembly at any time, simply by visiting the chosen storage
tube and hoisting the assembly into the machine. Gamma-ray spectroscopy
can also be installed to ^ain some idea of radioactive inventory and
hence irradiation history, burn-up etc. This facility can also provide
individual characterisation for each fuel assembly^ if required.
DESIGN CRITERIA
The MVDS system has been designed against the following codes and
standards:
Direct radiation and radionuclide release are below the limits
specified in 1OCFR2O and 1OCFR72 during normal and credible fault
situations. The concept ALARA (as low as reasonably achievable) is
also applied.
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The storage system and associated plant is designed to maintain the
Irradiated Fuel Assembly in its received state andto inhibit the
spread of contamination within the storage system.
The design criteria of ANSI/ANS 57.9.
The licensing requirements of 1OCFR72.

FUEL HANDLING GRAB
(ENGAGED WITH FA)

IRRADIATED FUEL
ASSEMBLY

TO CHARGE
HALL VOLUME

FHM DEPRESSION
SYSTEM^

x

FUEL HANDLING CAVITY
/ SHIELDING ft SEALING
GATES (OPEN)

TRANSFER MAGAZINE
(FUEL MOVEMENT
POSITION)

STORAGE TUBE
CLOSURE PLUG

NOSE UNIT (ENGAGED
WITH SST & INNER SLEEVE
LOWERED)

SHIELDING SKIRT
(LOWERED)

SST WITH CLOSURE
PLUG REMOVED

Figure 3 MVDS Fuel Handling Machine
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THERMAL PERFORMANCE DEMONSTRATION PROGRAMME
The design of the MVDS system has been underwritten by a thermal
performance demonstration programme to provide confirmatory experimental
data to support licensing applications. The practical work has
consisted of three main sections:
1.

Fuel Temperature Programme
Use of a standard PWR fuel assembly with electrical heaters in each
fuel pin to demonstrate actual fuel pin temperature distributions
over a wide range of normal and abnormal operating conditions. The
electrical heaters simulated axial decay heat output profiles and
an array of thermocouples measured radial and axial temperature
distribution. The fuel assembly was housed in a storage tube which
was itself thermocoupled to measure circumferential and axial
temperature distributions. Horizontal air flow across the outside
of the storage tube gave variable air and storage tube temperature
conditions.

2.

Store Performance Programme
A 1/4 full scal*> model of store section was used to demonstrate air
distribution and storage tube cooling for a range of store
operating conditions, allowing direct correlation with the Fuel
Temperature Programme. An independently variable output electrical
heater was located in each storage tube, which was thermocoupled to
allow full axial and circumferential temperature distribution to be
recorded.

3.

Wind Tunnel Test Programme
Scale testing in an environmental low speed wind tunnel has
demonstrated that wind-induced air flow through a storage module
will be from inlet to outlet under all wind conditions and
directions.
The cooling air flow path replicated store conditions and the test
arrangement allowed a wide range of flow conditions to be examined
by using fans to drive the cooling flow. The model also permitted
demonstration of natural cooling flow by the inclusion of a
chimney.

REGULATORY PREPARATIONS
The application of MVDS to the storage of either BWR or PWR fuel is the
subject of a detailed Generic Topical Report currently being produced by
GEC-Energy Systems Ltd in collaboration with FW Energy Applications Inc
for submission to the United States Nuclear Regulatory Commission.
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DRY VAULT STORAGE EXPERIENCE
The concept of dry vault: storage of irradiated fuel is not new. The 2 x
590MWe Wylfa magnox power station situated in North Wales was designed
with three dry storage modules when construction commenced some 22 years
ago. Each of these dry stores (Fig 4) has a capacity of 83 tonnes and
is cooled by completely passive means (Ref 1). Irradiated fuel elements
discharged on-load from reactors by a fuelling machine are stacked 12
high in tubes connected at the upper ends to a vessel containing the
loading chute. This chute distributes the fuel from the central access
standpipe to the tubes. The atmosphere within the tubes is CCL at a
nominal pressure of 3 psig and a purity of at least 99.8%. The primary
mode of decay heat removal from the fuel is by radiation to the tube
wall, conduction through the tube and then by natural thermosyphon air
cooling.

TO STACK

DRYSTORE
CELLS

CHARGE TUBES
FUEL ELEMENT
STORAGETUBES

THERMALAND
BIOLOGICAL SHIELD

NATURAL DRAUGHT
COOLING AIR

Figure 4 An 83-tonne Capacity Air-cooled Buffer Store at Wylfa Power
Station
A C0 ? atmosphere was chosen, because the limiting temperature for both
uranrum and magnox in COp is about 600°C, whereas in air, the limiting
temperature for uranium oxidation is 250°C, Very low concentrations of
air, e.g. 0.2%, could result in the oxidation of exposed uranium, if it
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were present, at a rate approaching that of 100% air. Thus, a very high
C0 ? purity is required in order to allow the cells to accept fuel direct
from the reactors.
The operation and performance of these cells has been very satisfactory
since they first came into operational service some 13 years ago.
Owing to limitations in the throughput of the Sellafield reprocessing
plant, in 1976 it was decided to increase on-site storage of irradiated
fuel. Bearing in mind that the existing (XL cells can accept freshly
irradiated fuel directly from the reactors, the original cells could be
used as decay stores so that an air environment could be used for
additional storage without exceeding fuel-limiting temperatures.
TRANSFER MACHINE AND TROLLEY CHARGE CHUTE.
CHARGE CHUTE INDEXING MECHANISM N
FUEL ELEMENT SKIPS

SKIP TRANSFER DRIVE
(IDLER END)

VENTILATION PLANT

ARTISTS IMPRESSION OF IRRADIATED FUEL
DISPOSAL ROUTES
MAIN CONVEYOR DRIVE

SKIP JACKING BEAM DRIVE

Figure 5 A 350-tonne Capacity Air Environment Air-Cooled
Store at Wylfa Power Station
It was therefore decided to build two air-environment air-cooled storage
modules, each with a capacity of 350 tonnes of irradiated fuel (Fig 5).
The additional modules (designated Cells 4 and 5) were designed and
completed in 21 years and 2 years respectively (Fig 6).
Air inside the new modules is maintained at sub-atmospheric pressure to.
prevent the possibility of outleakage of any fuel contamination.
Natural thermosyphon was chosen for cooling the fuel within the store.
An inherent advantage of natural thermosyphon cooling is that the
cooling air does not need to be guided to the hot fuel. By deliberate
design, the fuel draws cooling air according to its needs. The higher
the heat output from the fuel, the greater the bouyancy head and hence
the greater the cooling flow. The bulk heated air is then redrculated
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and its heat removed by a conventional fan and heat exchanger system
embodying adequate redundancy. Five such fan/heat exchanger units are
provided in each module, of which four are used for normal operation.

ccwsnwciion

CONSFRUCTION

Figure 6 Schedules Achieved for the two 350-tonne Capacity
Dry Storage Modules at Wylfa
When freshly irradiated fuel is removed from the reactor (decay heat
typically of the order of 1 kW) or 24 watts per inch length of
assembly), it is stored in the COp atmosphere cells for at least 150
days, so that the decay heat reduces to a level acceptable to the
air-cooled dry stores. The heat output from a peak rated fuel element
in the reactor, having decayed for 150 days, is approximately 46 watts
including a 20% margin. The maximum normal temperature of a fuel
element when resident in one of these stores is 150°C.
700S

600-

2 500-

§ 400°300| 200-

P 1001975

1980

1985
Figure 7 Quantity of Irradiated Fuel in Air-cooled Dry
Storage at Wylfa Power Station
The irradiated fuel is adequately shielded during the transfer
operations from the CO^ modules to the air environment modules. Inside
in the air cells the. required thickness of reinforced concrete provides
the necessary shielding.
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The ability to meet the requirement to design equipment and components
to prevent fuel element damage at all stages of handling and storage has
been confirmed by excellent operating experience with over 200,000
irradiated fuel assemblies (Fig 7).
An important aspect of the addition of the air-cooled storage modules at
Wylfa was that the design and construction had to be closely integrated
with the existing power station. The design and construction of the new
stores was successfully carried out without any interruption to the
operation of the existing power station, although the new stores are
closely associated structurally and operationally with the original
plant (Fig 8 ) .

BRIDGE OVER ACCESS SHAFT

CELLS 1,2 AND 3

AREA SUITABLY REINFORCED TO WITHSTAND
FUELLING MACHINE TRANSPORTER LOAD
AREA OF PILE CAP NOT DESIGNED TO
SUPPORT TRANSPORTER LOADS

ACCESS SHAFT

ROUTE OF TRANSFER MACHINE
TO CELLS 4 AND 3

SKIPS
ALTERNATIVE DISCHARGE ROUTE

Figure 8 Relationship of the Dry Stores to the Reactors
at Wylfa Power Station
The radiation level in operating and accessible areas is similar to the
background radiation level ie. 0.0002 m Sv/hr (0.02 mr/hr). Similarly
radiation and contamination levels found during routine maintenance (eg,
of 6©e1in§ ftms) a fa typi tally iMtskerpund rsdicititm Itivel arm 3,? Sq/ettr
(10~* /] Ci/cnT ) respectively. (Ref 2 ) .
The activity of the circulating air circuit is very low, typical values
of gaseous and particulate activity being less -than 0.3 Bq/rni. (10" p
Ci/ml) and less than 0.37 Bq/m (10 pCi/w ) respectively. The
particulate activity of the filtered exhaust air being discharged to
atmosphere is typically less than 0.37 Bq/m (Ref 2 ) .
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CONSTRUCTION OF MVDS FACILITIES ON A FULLY OPERATING SITE
Based on Wylfa experience, normal operation of an existing nuclear power
plant can be preserved during the construction and commissioning of an
MVDS installation by arranging for the construction area to be
completely isolated from the operational station. In other words, the
"station fence" is rerouted if necessary to put the future MVDS on the
outside, both physically and administratively. A new permanent site
boundary is constructed around the new MVDS but is is only physically
linked to the original boundary and the temporary access closed when the
new installation has been raised to full nuclear clean conditions and
all commissioning tests have been satisfactorily completed.
The layout and arrangement of the MVDS building permits further storage
modules to be added to it at future dates, using a similar procedure.
Construction of the additional civil works and extension of fuel
handling machine crane rails can proceed "outside the fence". A
temporary clean conditions sealed barrier is erected on the inside of
the wall in the handling machine hall opposite to the reception bay end.
Removal of this barrier after commissioning tests, brings the additional
modules within the operational station boundary.
DRY FUEL HANDLING EXPERIENCE
The on-site MVDS is designed to permit reliable and safe movement of
irradiated fuel in and out of storage, without requiring operator
standards or expertise greater than those already available on existing
plants. MVDS makes use of the proven high reliability on-load dry ^uel
handling technology used on gas-cooled reactors. GEC Energy Systems
have been able to call on their extensive experience in the provision of
a wide range of on-load dry refuelling machines, which over the past 20
years have successfully handled a total of over 1.8 million irradiated
fuel assemblies.
References
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Ealing C.J. 1983. "Practical Developments on modular dry storage
systems"
IAEA Seminar on technical and environmental aspects of spent fuel
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IAEA Survey on the Storage of Spent Fuel, December 1985, Response
by UK Central Electricity Generating Board.
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SPENT FUEL COMSOLIOATION BY SIHGLE ROD TRANSFER
D I M S J. HALLAHAN
PROTO-POMER CORPORATIO1I
591 POQUOimOCK ROAD
eROTON, CT 06340
ABSTRACT
Proto-Power has developed a system that perforns Individual fuel pin
withdrawal, Inspection and insertion functions for fuel bundle reconstitution and i s capable of performing fuel bundle volmte reduction to a
factor of two (2) for fuel consolidation. Proto-Power has designed,
b u i l t and operated the system to successfully reconstitute fuel bundles.
The system is comprised of four (4) major elements: Fuel Pin Transfer
Tool, Consolidation Station, Indexing System and Operators Station. The
system i s designed to minimize nuclear safety concerns and provide a
consolidation productivity rate of one rod per minute.

^Copyright 19§§, Proto-Power Corporation
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PROTO-POWER SPENT FUEL CONSOLIDATION SYSTEM
INTRODUCTION
Nuclear power industry concerns about the integrity and storage capacity
for spent nuclear reactor fuel has created a need for a special system
devoted to the purpose of individual fuel rod transfer from fuel
assembly to fuel assembly or from fuel assembly to fuel consolidation
containers. This is to allow for the replacement of defective fuel rods,
to reconstitute fuel assemblies, or to consolidate and store spent fuel
into containers at a much higher density which provide a more cost
efficient configuration for shipping to a secondary or ultimate repository or increasing the spent fuel pool storage capacity.
Proto-Power Corporation is developing a spent fuel rod transfer system
capable of performing withdrawal and re-insertion of fuel rods into fuel
assemblies or consolidation containers. Thus, the system performs fuel
assembly reconstitution or fuel pool consolidation. When used for
consolidation the system is designed for a nominal fuel rod assembly
volume reduction factor of two (2). It is designed to be operated by
one operator, and does not compromise fuel rod integrity. The system is
intended to be used in the underwater environments of spent fuel pools
found in light water nuclear facilities throughout the country. This
submerged design feature serves to minimize operator exposure during rod
movement and provides continuous convective cooling of the fuel rod
during rod movement and storage.
The complete system is comprised of several major elements:
1.
2.
3.
4.
5.

Upper End Fitting Removal Tooling
Fuel Rod Transfer Tool
Fuel Consolidation Station
Indexing System
Operator Station and Control

6.

Non-Fuel Bearing Structure Volume Reduction Tooling
DESCRIPTION

1.

Upper End Fitting Reaoval Tooling
The disassembly tooling is designed to remove the top nozzle/upper
end fitting from any fuel assembly to allow access to the top of
the spent fuel rods by the fuel rod transfer tool. This is
basically accomplished by the use of remote long-handled tools
designed specifically for the type of fuel assembly being consolidated.

®CopyHgtit 1SS5, Proto-Powar Corporation
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Operationally, the spent fuel assembly 1s moved from the spent fuel
storage rack and placed in the consolidation station. In the case
of the BWR fuel which is designed to be disassembled for reconstitution the upper end f i t t i n g is mechanically removed by unbolting
the structural rod nuts, and f i t t i n g removed to allow access to the
top of the fuel rods by the rod transfer tool.
The PWR fuel assemblies, by virtue of the different upper nozzle
designs, is accomplished in several ways. In one case the nozzle
assembly is removed by again long-handled tools which mechanically
remove the upper nozzle fasteners. Another case is where the
nozzles are removed by cutting the structural support tubes
internally below the level of the top of the fuel rods to f a c i l i tate gripping by the fuel rod transfer tool. In all cases, the
nozzle is considered to be contaminated trash and is disposed of
accordingly.
2.

fuel Rod Transfer Tool
The tool consists of two hydraulically controlled pistons mounted
in a nominal 40 foot long by 5 inch diameter cylinder. The
function of one piston, located in the upper third of the tool,
(the "Gripper" piston), is to open a fuel rod "Gripper" device for
gripping single selected fuel rods within a bundle. The other
piston, (the "movement" piston) mounted in the middls third of the
t o o l , is designed to withdraw or insert the selected rod from a
fuel bundle position.
The upper t h i r d of the tool housing consists of a transparent
plastic housing which allows the tool operator to visually monitor
the motions of the tool internals and their relative positions.
The bottom two thirds of the tool is submerged during operation to
provide personnel shielding and cooling of the fuel rod.
The tool hydraulic cylinders are actuated using demineralized water
from an associated fuel rod transfer tool hydraulic system.
Gripping of the fuel rod is provided by a collet with i t s own
closing spring which is released by action of the gripper piston.
The collet closes on.loss of hydraulic pressure. Gripper force is
mechanically adjustable to preclude fuel rod damage and to ensure
compliance with maximum load c r i t e r i a specified by the fuel
manufacturer. Magnetic position switches in the tool prevent
releasing of the f j e l rod in a l l but the down position of the
movement piston.

©Copyright 1985, Proto-Powt?* Corporation
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The structural portion of the tool is constructed of corrosion
resistant materials, mostly austenitic stainless steel, with some
inconel, monel, and martensitic stainless parts, as required, to
prevent galling. All on-tool plumbing and fasteners are stainless
steel.
Metal valves, fittings and piping used in the hydraulic system are
fabricated from stainless steel thus minimizing the introduction
of contaminants.
A strongback is provided to facilitate handling of the tool during
installation and removal from the pool.
A closed circuit TV (CCTV) camera and lighting are mounted near the
bottom end of the tool on the lower indexer to monitor the movement
of the tool over the selected fuel rod position. The camera also
allows visual inspection of the fuel rod as it is withdrawn into
the fuel rod transfer tool housing.
3.

Fuel Consolidation Station
The fuel consolidation station consists of a frame structure
allowing for placement of two spent fuel assemblies with one fuel
consolidation container between them. The structure is located on
the pool bottom and is provided with leveling pads and location
locks. The top of the structure provides for the mounting of the
lower indexes.
The fuel consolidation container consists of a tall square metal
box, with lifting attachments, open at the top, and provided with
a removable cover. The dimensions of the container are the same as
those of a spent fuel assembly thereby allowing it to be stored in
the existing spent fuel storage rack system. The bottom and the
cover are provided with holes to allow water flow for the convective cooling of the fuel rods.
To facilitate fuel rod insertion while ensuring maximum consolidation, the fuel consolidation station structure contains a spring
loaded pressure pad which is brought to bear upon a moving installation sheet installed in the consolidation container. The spring
loaded pressure pad allows control over the forces that can be
exerted on the fuel rod stack. As each row of rods are installed,
the pressure pad backs off sufficiently to allow Installation of
the next row. The system will accommodate bent fuel rods by
selective insertion into a position that has the structural support
of surrounding rods.

•Copyright 1985, Proto-Power Corporation
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Since the fuel rod withdrawal and Insertion process may result in
significant release of radioactive surface contamination, each of
the bottom cavities of the fuel consolidation station structure is
provided with individual connections to either the spent fuel pool
water filtration system or attached to a separate filtration
system. Water is continuously drawn down past the fuel rods in all
three asst.nbiies in order to maintain water clarity and minimize
water contamination resulting from movement of the rods.
At each end of the fuel consolidation station structure adjacent to
the spent fuel bundle location, there are a number of containers
for individual fuel rods. These containers are provided for use in
the event that withdrawal inspection reveals rod damage or extensive deformation which would require temporary holding locations
pending disposition.
4.

Indexing System
The upper and lower parts of the indexing system each consist of
mechanically locked orthogonal bedways which permit the transfer
tool to be located over the full length and width of the work
station, straddling the two spent fuel bundles, the individual fuel
rod containers and the consolidation container. The transfer tool
and guide funnel are positioned on the bedways in parallel by a
drive system which is driven by electric precision rotary actuators. The actuators are mounted on the work station platform for
easy access and are provided with manual backup/override capability. Selection of the tool position X-Y coordinates is made via the
computer based control keyboard which drives the actuators to the
operator selected coordinate position.

5.

Operator Station and Control
The operator station consists of a stable platform, supported
either by the fueling deck and steadied by the pool curbing, or
supported entirely by the curbing. The exact configuration is
dependent upon the specific structural design of the plant. The
platform, in turn, supports the fuel rod transfer tool through the
upper indexing system. In most plants the operator station i s
mounted low enough to permit the fuel handling crane to be positioned over the operator station during movement of fuel bundles
and consolidation containers. The upper section of the transfer
tool is designed to be readily removed to provide the required
clearance.

•Copyright 1985, Proto-Power Corporation
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The operator control station located on the fuel handling deck
consists of a panel with toggle switches for controlling the
transfer tool hydraulic system* a computer based control system and
related keyboard for controlling the indexing system, a CRT which
displays indexing system status, and a TV monitor for viewing the
gripper and fuel rod. The operators console has been human factor
engineered for sequencing, operations and monitoring.
The controls for the spent fuel consolidation system tool are
divided into two elements: a fuel rod transfer tool hydraulic
system, and a computer based electro-mechanical indexing control
system.
Fuel Rod Transfer Tool Hydraulic Control System
The fuel rod transfer tool control system provides the gripping,
withdrawal, insertion, and releasing functions. A submersible
rjmp, mounted on a tank, supplies demineralized water from the tank
to solenoid operated control valves which regulate flow to the
hydraulic pistons in the transfer tool. An adjustable pressure
regulator provides control of the withdrawal/insertion force. The
control valves are aligned by positioning of toggle switches
located on the control panel to direct hydraulic flow to the
gripper piston and to regulate both the hydraulic flow direction
and flow rate tc the movement piston. Tool control functions
available to the operator include:
a)

Direction Selection for controlling withdrawal or insertion of
a latched fuel rod.

b)

Speed Control for selection of withdrawal/insertion speeds of
fast, slow, or very slow.

c)

Fuel Rod Eripper for gripping and releasing the gripper head.
An interlock prevents the gripper head from releasing unless
the movement piston is in the inserted position. Another
interlock prevents movement of the tool via the indexing
system unless the gripper is in the "released" and fully
inserted position or the gripper is in the fully retracted
position.

Indexing Control System
The indexing control system is a computer based control system
which positions the fuel rod transfer tool gripper directly over
the desired pin location via precision electro-mechanical rotary
actuator devices.

•Upyright 1985, Proto-Power Corporation
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There are two parts ("upper" and "lower") to the Indexing system
which are similar in design and which are mechanically interconnected and e l e c t r i c a l l y Interlocked to ensure proper gripper
positioning. The upper indexer, mounted on the work platform above
the pool, contains the precision rotary actuators which control the
transverse (X-Y axis) movements of the t o o l . Each rod location,
whether in one of the two fuel bundles or in one of the insertion
positions of the consolidation fuel containers, or i n one of the
containers for individual rods located at the end of the fuel
consolidation structure, is assigned a unique X-Y coordinate
alpha-numeric i d e n t i f i c a t i o n tag. Assignment of these ID tags
includes recognition of areas within each fuel bundle in which no
fuel pins are located (structural support points) to prohibit tool
movements over these locations.
The lower part of the system, which is mounted directly on top of
the fuel consolidation structure, controls the transverse movement
and ensures the proper positioning of a gripper- guide funnel. This
guide funnel facilitates the alignment of the transfer tool gripper
head over the selected fuel bundle or consolidation container
location.
Position transducers, one for the 'X' axis and one for the 'Y'
axis, relay the funnel position back to the computer control
system. The control system verifies that the precision rotary
actuators, located on the upper part of the tool assembly, and the
funnel structure, are both positioned over the selected rod
position.
I f the upper and lower position readouts are not within
pre-defined accuracy requirements, the control system will alarm
this mismatch on the CRT control screen and will not allow movement
(insertion-or retraction) of the gripper assembly until the error
is corrected.
Won-Fuel Bearing Structure Volume Reduction Tooling
The non-fuel bearing structure volume reduction system, currently
under development, is a two stage hydraulic crusher/shearer that
reduces the volume of the structure by progressively crushing the
cross-section of the fuel assembly structure into " f l a t " strips and
then shearing the flattened strips into the appropriate lengths and
fed into a disposal liner. The length of the flattened strips may
be varied to accommodate various packing efficiencies dependent
upon other waste to be placed into the liner. In the case of the
consolidation process, one of the items to be placed in the liner
would be the upper end fittings described in Section I .

^Copyright 1985, Proto-Power Corporation
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SYSTEM OPERATION
The simplified sequence of operation of the consolidation system after
setup in a spent fuel pool is as follows:
1.

Load two (2) spent fuel assemblies into the two outboard positions in the lower consolidation station.

2.

Remove the top nozzles using long handled tools (i.e.,
wrenches, or internal cutting devices) and place in waste
containers.

3.

Load the consolidation container in the center position of the
consolidation station.

4.

Verify the "zero" points of both spent fuel assemblies and the
consolidation containers.

5.

Using the computer controlled indexing system, position the
tool over the first rod to be transferred.

6.

Using the hydraulic system under manual control, lower the rod
gripper and grip the rod.

7.

Raise the rod hydraulically into the tool.

8.

Engage the computer controlled indexing system to move the
tool containing the fuel rod to the preselected location in
the consolidation container.

9.

Lower the rod hydraulically into the consolidation container
and release the gripper thus disengaging the fuel rod.

10. Raise the gripper and engage the indexing system to move the
transfer tool over the next rod to be transferred. Then repeat
the process described above.
11. When the consolidation container is
lifting cross on the container, and
the container to the preselected
Place a new consolidation container
of the consolidation station.

full, place the cover with
latch closed. Then move
spent fuel rack position.
into the center position

12. When a fuel assembly becomes empty, temporarily place it into
a storage container or place it into an empty spent fuel rack
pending final volume reduction efforts.

1985, Prsto-Pwer
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0PERATIQI8AL EXPERlEftCE
There are a total of six major elements that comprise the consolidation
system. One of these elements, the fuel rod transfer tool, has been
designed, fabricated and successfully used to reconstitute a fuel
assembly.
Proto-Power, under contract with Maine Yankee Atomic Power Company,
designed a prototype rod transfer tool for the purpose of consolidation
of spent fuel at the Maine Yankee spent fuel pool.
The prototype tool was set up in the Maine Yankee Turbine Building.
There, using dummy rods and racks and assembly cages that had not been
in the pool yet, several rods were transferred from one fuel cage to
another. This demonstration was performed in a dry environment with the
tool being moved using the building crane. This dry demonstration was
useful in proving hydraulic operation, setting of the flow rates,
gripper action and verification of operational procedures to be used in
the pool.
After completing the dry demonstration, the tool was moved into the
spent fuel pool area. Here the tool was mounted on an indexing plate
supported on linear bearings allowing movement in the X-Y plane (horizontal). The complete assembly was mounted on a platform which also
contained the operators controls for the tool hydraulic system. The
first wet demonstration involved moving dummy rods, fabricated from
stainless steel, from one assembly to another to verify in-pool use of
the tool. Positioning in the horizontal plane was performed visually
using an underwater camera and lighting. The withdrawal and insertion
of the rods into the tool was performed hydraulically..
At a later time, the tool was called upon to transfer all of the fuel
rods from an assembly that had received structural damage to the cage to
another assembly that was structurally sound. The top nozzle was
removed from the assemblies by use of long handled tools. The transfer
then took place using the same procedures used in the transfer of the
dummy rods. This reconstitution was performed successfully.
It was from this experience that the microprocessor and mechanical/electrical indexing concept was developed. It was obvious during this
experience that the repetitiveness of the cycle lent itself to automatic
operation. Additionally, one of the restrictions which limited the speed
of the transfer operation was the high flexibility of a long unsupported
cylinder and the resulting deflections due to its own inertia forces and
the spent fuel pool current. This forced the operation to a tine
consuming "hunt and peck" type of procedure, using a TV camera for

lfSS9
P-35

visual control, to grip and insert fuel rods. In the consolidation
system previously described, this phenomenon has been dealt with by the
use of a lower indexing plate which will guide the lower section of the
tool and thus, with proper controls, remove the effects of the tool
flexibility.
LICEHSIB6 CONSIDERATIONS
Proto-Power is aware of the sensitivity and care required to handle
spent fuel. Because of these considerations, a great deal of effort has
gone into positive control of a single fuel rod. For example, the force
to grip each rod can be carefully controlled to insure that it will not
deform or damage the end of the rod. Also, the pulling or withdrawal
force is controlled to minimize the force of rod withdrawal and insertion so as not to cause rod cladding failure. The control system for
gripping, withdrawal /insertion and indexing is interlocked to insure
that one movement is completed and conditions satisfied before the next
movement can occur. Failure modes and effect analysis will be performed
on the control system to address creditable control system and operational failures.
It is considered that these features will enhance the licensing process
and make the system acceptable for long term use in a spent fuel pool
beyond the demonstration stage.
PLANNED DEMONSTRATION - 1986
Currently Proto-Power Is planning in 1986 a dry and wet demonstration of
the complete consolidation system at a PWR. The purpose of these
demonstrations is to prove that the tool, indexing system and consolidation container meet their design and operational objectives. These are:
a)

Consolidation factor of 2 to 1.

b)

Fuel rod transfer rate of 1 rod per minute.

c)

Establish limits of the system to handle fuel rods that are
bent beyond drawing tolerances.

l§§§,
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CASCAD
DRY STORAGE FACILITY FOR IRRADIATED FUELS UNDER CONSTRUCTION
By the Commissariat a 1'Energie Atomique
M. Teulon, CEA - FRANCE
ABSTRACT
A dry storage facility for irradiated fuels is now under construction
by the CEA, with the following specifications:
.
.
.
.

interim storage for periods not exceeding 50 years ;
storage capacity : 150-200 metric tons of fuel ;
reasonable investment costs and minimum operating cost ;
guaranteed permanent double containment barrier between the fuel
and the inactive zones ;

A comparative assessment of available soIceions (cask, pool, vault
and concrete canister designs) indicated that the option consisting
of metal wells inside a vault with a natural convection cooling system best complied with French safety criteria and cost requirements.
It was decided to build vault facility at the Cadarache Nuclear
Research Center, where it will be operational at the end of the
1980s.
This poster presentation covers the major specification data, the
operating principle, and a description of the vault.
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1- INTRODUCTION
The Commissariat a 1'Energie Atomique (CEA - FRANCE) manages various
categories of irradiated fuels and radioactive wastes for which
reprocessing or definitive storage are not feasible at this time
(fuel assemblies produced in limited quantities with low fissile
material content, nonstandard fuels, etc.).
The CEA's Institute for Technological Research and Industrial Development (IRDI) therefore decided to design and build an industrial
storage facility meeting the following requirements :
interim storage for periods of up to 50 years ;
storage capacity : 150-200 metric tons of fuel ;
reasonable investment costs and minimum operating cost
modular design to permit extension of the facility ;
containment ensured by a double barrier design ;
A comparative assessment of available solutions for fuel and waste
storage indicated that dry storage in metal wells cooled by natural
convection provided the best overall tradeoff from the standpoints of
cost-effectiveness, modular design and operating flexibility. This
solution is based on a simple cooling principle with every assurance
of safety in operation.
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2- BASIC SPECIFICATION REQUIREMENTS ANO DESIGN CRITERIA
The facility is designed for storage of fuel irradiated in the EL4*
reactor as well as other fuels or waste materials with dimensions and
properties compatible with vertical tube storage.
2-1- Containment
Containment is ensured by two static barriers
In actual storage, the sealed container (or fuel cladding) forms
the first barrier ; the second barrier is constituted by the
storage tube wall.
During fuel entry procedures, the second barrier is provided by the
handling cell walls, and the ventilation system ensures dynamic
containment.
2-2- Thermal Behavior
The design objective was to set up a geometrical layout that would
ensure not only the lowest possible temperature in the stored fuel,
but would also be compatible with a passive natural convection cooling system. The final design meets both of these objectives.
The storage wells are laid out in a triangular array.
The tubes provide a large heat exchange surface area for a moderate
level of power dissipation (approximately 600 W).
The reliability of natural convection cooling was confirmed by thermal design analysis and mo,kup test results. The maximum temperatures
liable to be encountered if the facility were filled to capacity are
the following:
.
.
.
.

Tube wall
Container
Cladding
Vault air exhaust

: 83 °C
: 102 °C
: 115 °C
: 54 °C

* EL4 : Gas Cooled Heavy Mater Moderated Reactor (GC HWR)
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2-3- Interim Storage Duration
Current plans are for a 50-year storage period, after which the fuel
Mill be removed for definitive processing.
2-4- Operation
The facility is designed to be fully self-contained. In addition to
fuel storage, provisions are also made for receipt and discharging of
transport casks, and for handling operations involving fuel, biological shielding plugs and storage baskets.
Under normal operating conditions, no nuclear waste is generated by
the facility.
2-5- Safety : Monitoring Containment Integrity
The first barrier can be monitored by sampling the air inside the
well as often as desired, by means of a valve on the cover of each
storage well.
Nuclear safety is ensured simply and efficiently for conventional
hazards :
. criticality : by the spacing of the storage wells
. earthquakes : by suitably dimensioned civil engineering work,
structures and handling devices (intensity IX on the
MSK scale).
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3- DRY STORAGE FACILITY THERMAL OPERATING PRINCIPLE
Natural Convection Cooling
The operating principle is shown schematically in figure 1.
Irradiated fuel is placed in vertical metal wells. The thermal power
released from the fuel heats the air in contact with the outer wall
of each tube, inducing an upward natural convection airflow around
the wells.
The cool air inlet situated at the bottom of the vault, together with
the hot &ir exhaust chimney sets up a generalized thermosiphon system
capable of removing the thermal power.
. The overall thermosiphon airflow, which depends primarily on the
thermal power released by the stored fuel and on the pressure drop in
the cooling system (air inlet, duct elbows, cross section variation,
etc.) of which the dry well cluster is only a minor part.

Caacrate WBB
Figure | ; Principle of passive air cooling
system by natural convection
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4- DESCRIPTION AND SPECIFICATION DATA
(Figure 2)
4-1- General
The CASCAD dry storage facility to be built at the CEA's CADARACHE
Nuclear Research Center will include two wings :
. A two-level rectangular zone covering 240 in2 for fuel storage
(lower level) and handling (upper level), containing 319 stainless
steel tubes measuring 346 mm in diameter and 7 meters high beneath
the concrete slab.
A two-level zone covering 600 m 2 :
- the lower level includes a staff locker room, radiation
protection room, electrical utilities, material entry station and
lock, ventilation and filter room, sanitary facilities, stores
and utilities, and access stairs leading to the control room,
- the upper level includes the cask receiving and testing rooms on
either side of the personnel lock, and the control room together
with its emergency exit lock.
The building also includes a hot air exhaust chimney for the nuclear
ventilation system, and a storage vault cooling chimney.
During the initial fuel charging operations, the thermal power
released from the fuel may not be sufficient to induce thermosiphon
flow for natural convection cooling. A bypass system equipped with a
blower is therefore provided at the base of the chimney.
The facility is designed to allow subsequent extension including
storage and handling cells similar to the first unit without
modifying the initial installation.
Figure 2 indicates the principal characteristics of the facility. A
shielded rooftop hatch will be provided for intervention on the
hoisting system in the handling cell.
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Air outlet duet

3Sm x 2Sm
U
Control room and
cell operating gallery

r
'

^

Handling call
Cask unloading station

Service area
Vault
Sterage tube

Control room and
cell operating gallery^

At inlet duct

Shielding window-

To extension

Cask examination cell

Figure 2 : Schematic of dry storage facility
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4-2- Storage Tubes (figure 3)
The storage tubes are made of welded rolled stainless steel
sheeting. Each tube comprises :
. a 346 mm I.D. cylindrical shell 7 meters high beneath the concrete
slab, the thickness of which is designed to withstand earthquake
loads ;
. a dished end plate welded to the bottom of the shell ;
. a press-formed conical section welded to the top of the tube on one
side, and to a larger diameter tube on the other side ;
. a biological shielding plug made of concrete covered by ordinary
steel plate and equiped with an insert for handling purposes ; the
upper flange includes a penetration for the sampling valve ;
. a cover plate bolted in place after the tube is filled and the
biological shielding plug is installed ; the cover includes a valve
for sampling the atmosphere inside the tube.
The tubes are suspended from the slab to allow expansion of the
steel, and are inserted into a guide tube at the lower end.
4-3- Major Specifications
Fuel capacity :

150-200 metric tons of irradiated
uranium
200 kW

Maximum thermal loading :

Building dimensions (approx) length
width
height

ft)
35 m (115 ft
25 m ( 82 ft)
16 m ( 53 ft)

Storage tubes :
-

number
material
inside diameter
height

319
stainless steli
346 ran (13.6 in)
7 m (23 ft)
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Upper concrete structure
Concrete shield

*7

Fuel assembly
Fuel cladding or container
(first barrier)
Storage tube

(second barrier)
Guide tube

Figure 3 : Storage Tube
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5- OPERATION
5-1- Fuel Entry Procedures (figure 4)
The operations described in the operating diagram include the
following major steps :
(1) Cask receiving
(2) Cask transfer to the cell lock
(3) Cask examination for contamination and fuel damage
(4) Cask transfer into handling cell
(5) Opening of cask using remote manipulators
(6) transfer of containers or fuel assemblies into storage tube
(7) installation of biological shielding plug
(8) installation of storage tube cover
(9) removal of empty cask
Note : On completion of step (7) (installation of biological
shielding plug) the operating staff may enter the cell
normally after checking for contamination.
5-2- Fuel Storage
After the fuel is charged in the storage tubes, and except for
routine staff intervention in the handling cell for monitoring or
maintenance purposes, the facility is completely passive, and the
nuclear ventilation system is shut down.
6- DRY STORAGE OF IRRADIATED FUEL WITH NATURAL CONVECTION COOLING
CONCLUSIONS
The CEA has adopted a modular technological solution for long term
interim storage of irradiated fuel that is simple, safe and
economical.
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Figure A : Fuel Entry Procedures
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Simple :

- the irradiated fuel will be placed in dry storage in
tubes air-cooled by natural convection. The system
is entirely passive in normal operation,
- the process has been qualified by thermal analysis
and mockup testing,
- operational flexibility is ensured by the possibility of accommodating different types of
irradiated fuels and waste materials,
- the facility is fully self-contained in operation.

Safe

- no waste generation in normal operation,
fuel and waste materials are confined at all times
by two containment barriers,
fuel may be recovered at any time during the
storage period.

. Economical : - minimum operating cost
- modular design.
Built for the CEA by the Societe Generate pour les techniques nouvelles (SGN), the CASCAD facility will be commissioned at the end of the
1980s.
For further information, contact :
CEN Fontenay-aux-Roses
CEA-IRDI-DERDCA-OIP
BP H3 6
92265 FONTENAY AUX ROSES
FRANCE
Phone : 1-46.54.84.50
Telex : ENERGAT 270 898
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DRY STORAGE OF SPENT HUCLEAR FUEL
L. Baillif, M. Annie!, C. Bonnet
SGN
Saint-Quentin-en-Yvelines, France

ABSTRACT
Based on the dry unloading technology of the TO facility at. La Hague
and on the commercial experience in dry storage in several other
SGN-designed facilities, SGN has developed a dry receiving and
storage concept tailored to LWR fuel assemblies.
The main characteristics of the concept are : dry undloading ; dry
storage in wells, cooled by natural convection, without filtration ;
modular storage design ; retrievable storage to permit final
disposal or reprocessing.
The concept enables compliance with safety criteria including :
integrity tests of the containment barriers during storage ;
subcritical storage ; exposure rate consistent with applicable
standards ; non-oxidization of fuel cladding ; conformity with
transportation standards applicable to shipping casks.
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INTRODUCTION
SGN, a subsidiary of Cogema, is an architect engineer specialized in
the nuclear fuel cycle. It has thirty years of experience as
designer, constructor and prime contractor of numerous installations
in France and abroad.
In particular, the construction and operation of the reprocessing
plants at La Hague in France have provided substantial experience in
the field of receiving, handling, unloading and storage of spent
fuel.
Moreover, SGN benefits from the R & 0 potential of the French Atomic
Energy Commission (CEA), and the operating experience of Cogema.
In the field of dry technology, SGN has commercial experience with
dry vault storage of FBR fuel, vitrified fission products and
Plutonium oxide containers. The company has also designed and
constructed a dry unloading facility for spent fuel shipping casks
at La Hague, called TO facility.
Based on these achievements and using the results of the CEA's R & D
program, SGN has developed a concept for dry receiving and storage
of LWR fuel assemblies in vertical wells, cooled by natural
convection.
DESCRIPTION OF WORK
Design assumptions
The main features of the concept are :
- Dry unloading.
- Dry storage in suspended wells cooled by natural convection ;
providing a self-regulating system.
- Modular storage ; enabling an increase in
preserving the overall building architecture.

capacity,

while

- Retrievable storage, to permit final disposal or reprocessing.
These characteristics lead to the following design criteria :
- The fuel assemblies received have a cooling period corresponding
to a residual heat of about 1 kw per assembly.
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- The cooling system is provided by air circulation around the wells
without filtration. In order to provide the two containment
barriers required by safety principles, the fuel assemblies are
placed in sealed canisters filled with inert gas.
- The storage area design is modular with each module divided into
two zones :
. a storage zone, containing the wells,
. a handling bay, accessible to the operating staff and separated
from the storage zone by a concrete slab for biological
shielding. Canisters are handled in the bay by means of a
shielded hood which protects personnel against radiations. A
single handling system is used for all the storage modules.
- The concept enables recovery of the fuel assemblies by :
. providing appropriate fuel storage temperatures and inert
atmosphere in the canisters, ensuring the non-oxidization of
fuel cladding during storage,
. continuous monitoring of fuel containment integrity.
General description
The facility mainly consists of :
- An area for receiving
unloading.

and preparing

casks before

and

after

- An area for dry unloading and canister insertion.
- One or more storage modules.
The installations for casks and canisters preparation, unloading,
canister insertion, and canister transfer to the storage wells are
common to each of the storage modules.
Sequence of dry unloading and storage operations (see reference
numbers on figure 1) :
- Entry of cask on trailer into facility (Ref. 1).
- Receiving of cask :
. external contamination and radiation monitoring,
. vertical positioning on transfer trolley (Ref. 2 ) .
- Transfer to the preparation unit (Ref. 3).
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- Pre-connecting cask preparation (Ref. 4) :
. verification of leaktightness and atmosphere of the cask
internal cavities,
. overall detection of damaged fuel elements. This test is
performed by sampling the atmosphere of the cask internal
cavity with krypton-85 detection,
. placing of internal cavity at negative pressure,
. unscrewing of cask plug,
. placing of connecting devices on the cask.
- Introduction of new canisters (Ref. 7) :
. checking of canisters compliance,
. placing of canister to the vertical (Ref. 8 ) ,
. transfer of the canister on a transfer trolley (Ref. 9 ) .
- Connecting of cask and canister :
. the cask and a canister are connected at the unloading cell,
. after connecting of cask (Ref. 5 ) , the cell and cask plugs are
removed to a glove box for decontamination and replacement of
the seals if necessary (Ref. 6 ) ,
. the canister lid and cell plug are removed and the canister is
placed under vacuum,
. after opening, the fuel assemblies are transferred from the
cask into the canister one at a time (Ref. 11).
- Sealing of the canister (Ref. 10) :
. the lid and cell plug are repositioned, vacuum in the canister
enables verification of individual fuel cladding integrity, by
krypton-85 counting, the canister is disconnected from the
unloading cell and the lid is welded,
. the canister is filled with Helium to prevent corrosion formed
by clad oxidizing, and a Helium leak test is performed.
- Transfer to storage (Ref. 12), by means of a shielded hood, which
ensures biological shielding and containment during handling of
the canister (Ref. 13).
- Positioning of the canister in a storage well (Ref. 14).
- Fuel assemblies storage (Ref. 15) :
. the canisters are stored two by two in vertical wells,
. the wells are maintained at negative pressure, so as to prevent
accidental contamination dispersal in the handling bay, in the
event of canister tightness failure,
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. Helium contained in the canister provides an excellent means of
leak detection by analysis of the wells internal atmosphere, so
that air extracted from each well is continuously monitored,
. If helium is detected in a well, the related canisters are
transferred to a test station (Ref. 16} and separately checked
by leaktightness testing and damaged fuel detection (using
equipment of the cask preparation),
. the defective canister is placed in a special sealed container
(Ref. 17) which can be connected to the unloading cell
(Ref. 18),
. the defective canister is removed and transferred to the
unloading cell for cutting (Ref. 19),
. the fuel assembly is extracted and placed in a new canister
following the same procedure applied at receiving.
- Shipment :
. after complete unloading, the cask is closed again and
inspected before shipment,
. after storage and before shipment, the spent fuels are
systematically checked in order to detect any damaged fuel
assemblies.
The following operations are performed :
. transfer of canister to the test station (see above
description),
. transfer of canister into the special container,
. connecting of the container, removal of the canister and
transfer to the unloading cell for cutting,
. loading of the fuel assembly in a transport cask,
. closing of the cask and checking for conformity with
transportation standards.
- Treatment of damaged fuel assemblies :
. if krypton-85 is detected during these operations ; the related
damaged fuel has to be identified,
it is placed in a canister (a new one, if the other is
defective) following the normal procedure,
. the canister is normally stored ; however, it is subjected to
periodic inspection to check the internal atmosphere by Helium
detection.
- Maintenance and waste storage :
. cask maintenance (Ref. 6) : in order to guarantee compliance
with transportation standards applicable to the casks, if a
leak is detected in the casks seals, the plug seals must be
replaced before reshipment,
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. the maintenance of mechanical equipments is peformed by means
of a crane (Ref. 20),
. the decontamination of the shielded hood (and special
container) is performed after treatment of defective canisters
(Ref. 21),
. the effluents produced by decontaminations are collected in a
receiving tank (Ref. 22),
. the defective canisters are transfered to waste storage racks
by means of the shielded hood (Ref. 23).
RESULTS
Design and construction of facilities based on this technique
require expertise in such areas as corrosion and oxidation
phenomena, as well as knowledge of maximum permissible storage
temperatures.
The control of these different factors and the choice of design
options (such as seismic loads intensity to be considered) enables
the elaboration of the storage concept.
A detained study has been conducted for a PWR fuel assemblies
storage facility under the following conditions :
- the fuel assemblies received have a cooling period of at least
five years, corresponding to a residual heat of about 1 kw per
assembly,
- the main objectives of this installation are :
. receiving of 540 fuel assemblies per year,
. storage of 250 MTU per module,
. lifetime : 40 years,
- the installation provides for an effluent decontamination tank
with a capacity of 50 m3, corresponding to approximately one
year's operation. Provision has been made for buffer storage of
various wastes,
- the installation performs all usual cask maintenance operations,
except internal decontamination,
- based on the receiving capacity, an estimation of the required
operating staff is :
. 2 lead operators for management and administrative task,
. 8 mechanical operators stationed in local rooms,

P-55

options relating to installation safety are consistent with the
applicable standards :
. biological shielding is installed around radioactive equipments
to limit the integrated dose received by operators to
5 rem/year,
. storage subcriticality is ensured both during operating
conditions and incidents,
. loads of seismic origin have been taken into account. The
design level is intensity VIII on the MSK scale,
. fuel containment integrity is continously monitored during
storagp. The fuel assemblies are maintained at temperatures
below
200°C
under
inert atmosphere, to ensure the
non-oxidization of the fuel cladding during storage,
these conditions lead to a building architecture
figure 2, with the following characteristics :
.
.
.
.
.
.
.

length
width
50 (m)
40 (m)
overall dimensions
receiving area
40 (m)
25 (m)
one storage module
25 (m)
25 (m)
storage wells height
10 m - diameter : 400
canisters
height
5 m - diameter : 360
maximum thermal loading 540 kw per module
vault air exhaust temperature : approx. 70°C.

shown on

height
20 (m)
20
20 (!)
mm
mm

SGN is currently building an economical storage installation,
based on this concept, for the CEA at Cadarache, France ; called
CASCAD facility.
Comparative studies have shown that this dry vault storage concept
has numerous benefits :
. low production of wastes and effluents,
. easy decommissioning,
. low investment and operating costs.
Nota : the overall cost depends mainly on the design of the
peripheral installations, such as :
. cask unloading and connecting systems,
. canister insertion,
. monitoring and maintenance systems,
. storage of various wastes.
Considering our engineering experience, we can offer customers
pertinent recommendations and appropriate solutions for their fuel
storage problems.
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Figure 1. Sequence of dry receiving and storage opert"!ons.
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Fiqure

2. Cutaway view of the dry receiving and storage concept.
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DESTRUCTIVE CONSOLIDATION SYSTEM
Ralph E. Watts
Westinghouse Materials Company of Ohio
P. 0. Box 398702
Cincinnati, Ohio 45239
ABSTRACT
A description of a simple volume reduction method for all types of PWR and BWR
spent fuel is presented herewith. The system was designed to mitigate three
major concerns associated with the waste management system currently envisioned by the Office of Civilian Radioactive Waste Management. The first concern is the complexity of the consolidation equipment. The second concern is
maintaining the cladding at approximately 375°C after it is eraplaced at the
respository, and the last concern is the overall system cost to dispose of
this waste.
The design approach used for the Destructive Consolidation System (DCS) was to
minimize the number of moving parts, to employ simple rugged mechanisms for
all operations and to consolidate spent fuel quickly. It is estimated that
this system will only require major maintenance annually or semi-annually,
The consolidation rate is expected to be one PWR fuel assembly every 15
minutes and two BWR fuel assemblies every 20 minutes. At thir, rate, only one
hot cell will be needed to process 4,000 MTU of spent fuel per year. This
schedule requires an 80 hour work week with an allowance of 26 hours per week
for minor maintenance, decontamination and contingency time.
In contrast, the current Monitored Retrievable Storage Facility design
requires four consolidation hot cells either operating or being maintained
continuously throughout the year.
The process is called destructive consolidation because the fuel pin cladding
is ruptured during the compression/consolidation cycle.
It may appear that
spent fuel would be "safer" if the cladding were left intact, but just the opposite may be true.
Each fuel pin is pressurized with an inert gas when
manufactured. During burnup, additional radioactive gasses are generated. If
fuel is disposed of in this condition, each fuel pin represents a pressurized
container which could supply the motive force to disperse radioactive particles should a breach occur. The environmental protection provided by the
.024 inch thick zirconium cladding can easily be replaced by an incremental
increase of the disposal package wall thickness.
If the fuel cladding does not have to remain intact for geologic disposal, the
second concern, cladding temperature is elminated and an important cost
benefit is realized. The current spacing of repository packages was determined by the cladding temperature limit, but with this constraint removed the
packages can be moved closer together.
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The spacing will then be determined by the temperature limit of the geologic
media. This distance is estimated to be approximately one-half of the current
spacing. It is anticipated that the reduced mining requirements in salt and
tuff repositories will yield a cost savings of $1.3 billion for the
Repositories' Waste-Management Programs.
The repository mining cost reduction, combined with the reduction in MRS
facility construction, operation and maintenance costs will save of $1,675
billion. This represents a 10% reduction to the total system cost estimate of
$16 billion.
Another advantage offered by DCS is a significant reduction in personnel exposure due to 1) reduced consolidation-operation time, 2) reduced number of
people required for consolidation, 3) reduced maintenance time and A) less
spent fuel packages to transport. These combined factors produce an overall
exposure reduction of 8% to 10% .

INTRODUCTION
The direction provided by Congress in 1982 through the Waste Policy Act calls
for the Department of Energy (DOE) to begin taking possession of domestic
spent nuclear fuel in 1998. To meet this objective, DOE has established
repository project offices to investigate disposal methods in various geologic
media and to begin the siting, licensing and designing requirements to meet
DOE's objectives. These activities have been in process for several years.
Due to the different geologic media and associated design requirements, each
office has developed its own unique waste package design and approach to
handle, package and dispose of spent fuel.
Perhaps this design diversity prompted DOE to begin a re-evaluation of the entire program in an attempt to make the system pieces fit and function better
as an integrated system. In any case, DOE is now convinced that an Integrated
Monitored Retrievable Storage Facility (MRS) will be a cost-effective step
toward spent-fuel disposal in deep geologic repositories.
It took a great deal of determination and a certain amount of risk for DOE to
make the MRS decision. Critics of nuclear power were not happy with DOE's
decision, but from technical and economic perspectives, building the MRS is
the correct and commendable thing to do. There are also going to be other unpopular decisions that must be made, this paper is an attempt to describe one
that has been ibade but perhaps, should be reevaluated.
Background
A spent fuel canister has been incorporated into the current MRS design. This
canister is used to encapsulate fuel before it is placed into the repository
disposal package.
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The canister has some interesting design criteria that must be addressed to
achieve integration with the rest of the system.
«

Its length must accommodate the longest and the shortest intact
fuel elements expected to be received at the MRS.
9 The canister diameter must be sized to hold whole, multiple
consolidated fuel elements and should achieve its
highest volumetric efficiency when encapsulating consolidated
fuel.
0 The canister used must not impede the heat transfer from the
fuel to the geologic media.
© The canister must be adaptable to the repository overpack.
Serious consideration must be given to this criteria because several thousand
canisters must be fabricated for spent-fuel disposal. The canister designer
needs to also consider the following operational and manufacturing criteria.
The canisters should:
e

•

Use standard industrial components (e.g., ASTM standard
pipe diameter).
Be simple to assemble.
Lend themselves to having the final seal well performed remotely.
Be easily decontaminated.
Be amenable to leak verification testing.
Be volumetrically efficient (square shapes are
not as efficient as cylinders and partically empty canisters
are certainly not efficient).
Not require internal support or heat transfer structures.

Meeting these two sets of criteria will be difficult, if not impossible. To
make things even more complicated, additional considerations must be factored
into the canister design. Several utilities are planning to increase their
spent-fuel storage capacity by consolidating their fuel into containers which
can then be stored in their existing fuel racks. Currently, no standard has
been established for the design of these containers. Consequently the MRS
designers must prepare to handle fuel consolidated at the reactors.
The current MRS design includes four large hot cells and two huge hot cells
devoted to receive, store, consolidate and package all types of incoming fuel.
Each cell will require four operating crews to provide'year-round coverage.
These cells will house contaminated material necessitating periodic decontamination and equipment removal. Large crews of people will be required to
perform decontamination activities and manage waste streams that will be generated .
The plan for the two huge hot cells in the MRS facility is to prepare
repository ready packages for any type of repository.
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This is a key element of the integrated MRS and appears to make economic sense
to collect as many functions as possible at the largest and most complex
facility.
This is especially true from the secondary waste stream generation standpoint.
One place to handle decontamination solutions is certainly less expensive than
one at each repository and the MRS. But, before all of these functions are
located at the MRS, there are other aspects that must be considered because
they affect the above ground facilities at the repositories.
The repositories will definitely have to have a hot cell to unload transportation casks and handle packages ready for placement into the geology. This hot
cell will need as a minimum:
A remotely operated crane.
An electromechanical manipulator.
An inspection station to verify that packages are not damaged.
A large storage area.
Remotely operated grapples.
Receiving and discharge ports for casks and transporters.
The important fact is that a modest increase of waste package handling and
welding equipment will not create a significant cost impact to the facility.
A reasonable alternative to bringing everything to the MRS is to leave the
waste-package preparation at the repository instead of placing the function at
the integrated MRS. The reasoning for this conclusion is:
•
•
0
•
©
«
e

There must be a hot cell at the repositories regardless of the
functions performed at the MRS (waste package must be removed from
the shipping cask).
Shipping a waste package will be more expensive because of the extra
tons of steel or iron that will be shipped as a radioactive mass.
Depending on manufacturing locations, waste packages may have to
transverse the country two times (once empty, once full).
Two different cask designs will be necessary because of the
different waste package sizes.
Cask lid handling equipment at the MRS and at the repositories
will have to be designed for two different package sizes.
The exit ports at the MRS will have to be designed to handle two
different casks.
The receiving ports at the repositories cannot share the same
design (different casks).

If the repository hot cells were designated as the location to overpack the
spent-fuel canisters with the waste package, the following benefits could be
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realized.
«
®
©
®
e
•

One cask design could be used for both repositories to ship the
fuel from the MRS.
Canisters can be inspected easily (waste package overpacking if
performed at the MRS, would make inspection of canisters almost
impossible).
Shipping costs would be reduced (less material to transport).
The hot cell at the repository could be used for overpack
welding operations,
The very complex repository preparation cell at the MRS becomes
less complex and a single component failure would have a lower
probability of affecting operations.
Secondary waste streams at the repositories should not increase
because the hot cells will house clean spent-fuel canisters.

All of these diverse considerations can be meshed into an integrated system by
the development of a standard spent fuel canister. However, before a standard
canister can become a practical and efficient part of the system, the fundamental roadblock of intact cladding must be removed.
Complex engineering analysis and studies have shown that the clad must stay at
approximately 380°C to prevent long term creep of the clad and subsequent
failure. This is the major factor that determines the spacing of packages is
the repository and subsequently the costs of disposal are affected dramatically by how much media must be removed to place a single package. If the
cladding temperature was eliminated as a design criteria, the waste package
could be spaced on a single, rather simple factor: the thermodynamic performance of the geologic media. Preliminary studies to determine the spacing
based on geologic thermodynamic performance indicate that spacing the packages
at one-half of the current distance is a reasonable assumption for estimating
purposes.
If this proves to be acceptable, then the waste-package mining
costs for each repository could be reduced by approximately 50%.
An economic analysis of the entire spent fuel cycle was recently performed under contract to DOE. The program used to perform this analysis was also used
to evaluate the cost savings for two repositories if the current waste package
spacings were reduced by one-half. Savings are estimated to be approximately
$233 million
for a salt repository.
The corresponding savings in a Tuff
repository, because of the higher mining costs, will be approximately $1.04
billion. These savings are based on an overall system cost of $16 billion and
illustrate the benefit of a standard canister without a cladding temperature
limit.
One last question remains to be answered; how can the many different
sizes and shapes of fuel be packaged efficiently into a standard canister?

When the intact fuel cladding restriction is eliminated, repackaging can become a rather straight forward operation and many different methods could be
used. For instance, the fuel could be shreaded, chopped or shreaded into a
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package of almost any size or shape. There are existing systems and designs;
for accomplishing this.
These approaches are practical but they do create
some secondary problems. When the cladding is ruptured, the radioactive and
inert gases trapped in the fuel are released, and must be captured for disposal. A second probelm is that spent-fuel dust is generated when pellets are
crushed and sheared. Neither of these problems are simple to address when
mechanical destruction is performed in a hot cell.
A technique for repackaging which avoids mechanical destruction is to use a
chemical decladding and dissolution system. This methodology is effective and
proven, but after the fuel has been solidified into a glass matrix, the volume
that must be disposed of will increase beyond the original volume. The standard canister shape is easily achieved but the complex processing and volume
penalty would probably make the system too expensive to consider.
A Destructive Consolidation System not only makes the standard canister possible, but it is simple, employs proven technology and can save an estimated
$375 million is MRS capital and operating costs. Cost reduction is possible
because only one hot cell is required for consolidation operations (compared
to four at the MRS) and only two shifts, working five days per week, are
necessary to consolidate the fuel.
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Tendon Load Rod*

Destructive Consolidation System Equipment
It is assumed that this equipment is housed in an appropriate hot cell
equipped with such standard items as electro-mechanical manipulators, overhead
cranes, power connections, etc. The cell is • also expected to have unloading
ports for casks, a lag storage area for spent fuel, maintenance hatches and a
discharge for the consolidated fuel.
FUEL ELEMENT DOWNENDERS: This handwave is designed to receive and grasp two
BWR or one PWR fuel element from an overhead crane equipped with a fuel
grapple. The DOWNENDER has fuel-element clamps mounted along its length activated to clamp the fuel element. The overhead crane fuel grapple is
released and the DOWENDER will then rotate the fuel element to a horizontal
position.
LOAD ARM MECHANISM (LAM): As the fuel element arrives in the horizontal position, a second set of fuel element clamps, mounted on the LAM, are engaged and
the DOWENDER clamps are disengaged. The LAM then begins to rotate toward the
loading trough. As the fuel element clears the fuel clamps on the DOWENDER,
it begins to engage the end fitting removal tools. These devices are shown as
large abrasive cut off saws, but a laser or a plasma torch can be used to cut
the end fittings from the body of the fuel element. As the LAM travels past
the removal tools, the end fittings are servered and drip into a chute which
directs them to a packaging system located below.
The end fitting removal tools are mounted on automatically adjustable bases so
they can be positioned quickly to match the length of the fuel element being
processed.
The LAM continues its rotation until the fuel element is placed into the loading trough. The fuel element is then released and the LAM is rotated into the
start position.
LOADING THROUGH AND LOADING CYLINDER: This mechanism receives the fuel element and positions it for loading. The trough has notches along its length to
allow the LAM clearance to place the fuel element on the bottom of the trough.
The LAM is then rotated back to its receive position and the LOADING CYLINDER
ram is actuated to insert the fuel element into the COMPRESSION CYLINDER. The
rams stroke inserts the fuel element into the compression cylinder about one
inch before retracting.
COMPRESSION CYLINDER SECTION: This device is designed to pivot into and out
of the compression frame to transfer the fuel element from the load position
to the compression position. The COMPRESSION CYLINDER moves slightly
in the axial direction when in the compression position. The cylinder must
move into position to engage the seals located on the surface of the
FILTER/COMPRESSION CYLINDER.
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The entrance end of the COMPRESSION CYLINDER also has a sealing surface
designed to mate with the seals on the main compression ram. The COMPRESSION
CYLINDER is designed to withstand all stresses imposed during compression of
the fuel element and also has its interior surfaces hardened to resist scrapes
and abrasion from the fuel element as it is crushed.
After the cylinder is pivoted into the compression position the MAIN HYDRAULIC
RAM is activated to begin the Destructive Consolidation Process.

MAIN HYDRAULIC CYLINDER AND RAMS:
There are two rams located inside, of the main cylinder. The seal compression
ram surrounds the main compression ram and its function is to move the Compression Cylinder axially, which in turn, moves the FILTER/COMPRESSION
CYLINDER axially to engage seals located between all components. After the
seal compression ram completes its stroke, the fuel element is totally sealed
inside the compression chamber. At this time the MAIN RAM begins its stroke.
The first part of the stroke will move the fuel element into the FilterCompression Cylinder. When the end of the fuel element meets the blank section of the Slide Valve, it is crushed into a cylinder and should reach 90%+
of its therotical density. The system uses a hydraulic pressure of approximately 10,000 PSI which produces a crushing force of about 1,000 tons.
After the fuel element is consolidated into a solid mass, the hydraulic pressure is reduced to disengage the seals between the FILTER/COMPRESSION CYLINDER
and the Slide Valve. The valve is then opened and the hydraulic pressure is
re-applied to push the compacted mass through the Slide Valve into a canister
which has been positioned and sealed to the discharge port.
The Main Ram is then retracted; the slide valve is closed; the seals are disengaged and the compression cylinder is returned to the load position.
FILTER/COMPRESSION CYLINDER: This cylinder is designed to act as a conduit
for gasses that are released when the fuel pins are ruptured. The interior
surface is hardened and perforated by small holes which provide a path for the
gasses into the Fission Gas Collection System. The holes are sized to prevent
most of the dust particles from escaping. The particles that do pass through
the cylinder wall are directed to incell roughing filters.
SLIDE VALVE: This device serves two purposes, the first is to act as a bottom
or stop for the main ram as it forces the fuel element into the compression
cylinder. The face of the valve seals to the end of the filter/compression
cylinder and also seals to the steel shielding wall. The valve body is free
to move a limited axial distance to compress the seal between the valve and
the shield wall.
FISSION GAS COLLECTION SYSTEM: The purpose of this system is to collect the
gasses released during the consolidation process. The design of the compression section and its seals will limit the amount of extraneous gasses that ea-
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ter the system and need to be processed. The first step is to filter the particulate matter that may pass through the filter/compression cylinder. These
filters would be removed as required and be disposed of by placing them in
with the spent-fuel during a compression cycle.
The gasses are then directed to a cyrogenic liquidification system where the
radioactive gasses are separated from the inert gasses. Krypton is the only
remaining gas (assuming 10 year old fuel) that retains a significant amount of
radioactivity and a liquid nitrogen spray tower does an excellent job of capturing krypton.
The nitrogen is then selectively distilled to remove the
krypton which is then packaged for industrial use, storage or disposal.
This basic cycle is repeated until an appropriate number of fuel elements have
been consolidated and injected into the spent fuel canister. If the diameter
of the canister is set at 14 inches (nominal), it will hold (depending on the
height) four to five PWR elements.
In the call of PWR elements this represents a 33% to 66% increase in capicity for a modest increase in diameter.
This represents a considerable reduction in handling efforts and a corresponding reduction in personnel exposure.
In summary, the spent fuel waste system can be designed for an efficient,
logical operation if we are willing to part with some cherished ideas and approach the problems from an integrated systems perspective.

REFERENCE
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ICPP DRY STORAGE CAPABILITIES FOR SPENT FUEL
Carl P. Gertz, U. S. Department of Energy, Idaho Operations Office,
and Ronald D. Denney, Westinghouse Idaho Nuclear Company, Inc.

In addition to the dry cask storage demonstration project associated with the
Office of Civilian Radioactive Waste Management, the INEL has also been using
dry storage facilities at the Idaho Chemical Processing Plant (ICPP). These
storage facilities for selected fuels consist of a remotely operated,
forced-air cooled building ("vault") and underground storage "dry wells."
The forced-air cooled building was built specifically for storage of 1 1/2
cores of HTGR (Fort St. Vrain) fuel, but has and is still being used for
storage of graphite-based ROVER fuel until all the HTGR fuel is received.
The underground storage wells are currently storing Peachbottora fuel, the
Fermi I blanket fuel, the LWBR (Shippingport) fuel and the LOFT fuel. Future
projects for underground vault storage of the PBF fuel, the PWR Core 2
(Shippingport) fuel, and the unprocessable fuel currently stored underwater
are scheduled for the next 3 years. To date, 147 dry wells are constructed
and 138 dry wells are scheduled for construction.
The underground wells consist of carbon steel concreted in place and have
concrete shield plugs. Instrumentation and a protected cathodic protection
system are provided. Fuel is received in stainless steel canisters which are
designed for minimal leakage (<10 cc/sec of helium). Specific criteria
concerning water-free contents and fuel integrity are met by the fuel
shipper(s).
These facilities have performed their required function successfully. The
dry wells are subject to routine surveillance to insure proper conditions.
These inspection*; have indicated satisfactory performance for 14 years. The
remotely operated vault has been operated with spent fuel for 10 years. It
has required minor routine maintenance actions for the remote fuel handling
equipment, the fans, and the standby generator but overall its performance
has been exemplary.
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WIND EFFECTS ON A NATURAL CONVECTION COOLED DRY FUEL STORE
by
Dr. J.E. Fackrell (1), G.A. Brown (2), N- Bradley (3)

(1)

Central Electricity Generating tioard - Marchwood Laboratories.

(2)

Central Electricity Generating Board - Barnwood

(3)

National Nuclear Corporation - Risley

Summary
A large modular natural convection cooled Dry Fuel Store has been designed
for the CEGB. The effect of prevailing winds on the performance of the
cooling system was recognised as of great importance and prompted a
comprehensive testing and development programme. Four aspects were investigated
wind loading on the structure, dispersion of plumes from the stacks,
wind induced pressure differences acting on the internal circuit and local
inflow effects on the stacks. A low speed wind tunnel was used to test
1/300 scale models of the entire building complex and a 1/30 scale model
of the stack and roof sections. Theory was developed and validated to predict
the variations in cooling system performance for various wind speeds and
directions.
The work resulted in significant design changes to the stacks, air inlets
and building shape to minimise external effects. The importance of undertaking
adequate and representative wind tunnel development testing to achieve
a quantitative understanding is stressed.
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•

The AGR Dry Store is a proposed central facility for storing the spent
nuclear fuel from all the UK's AGR power stations. The fuel could
be stored for long periods of the order of 100 years. Spent AGR fuel
elements would be dried and then sealed in argon filled, mild steel
containers, which would be placed in channels in a concrete storage
vault. The Dry Store is designed so that the decay heat of the fuel
induces a natural convection airflow past the containers to provide
cooling.
The internal flow path through the vaults is illustrated by the crosssection in Figure 1. External air is taken into the system through
the inlet grilles, which all communicate with a large common hall
above the vaults. This is connected to a central inlet plenum running
between the vaults. Throttling dampers connect this plenum to ducts
leading the inlet air to the nozzles of recirculation venturies (16
per vault). The relatively high speed jet of inlet air from a nozzle
induces some of the warmer air coming from the vaults to recirculate
and mix with the inlet air. This is done so that the temperature of
the combined flow of air into the lower plenum ensures low relative
humidity, to provide corrosion protection for the mild steel containers.
The mixed air passes from the lower plenum through the storage channels
to the upper plenum, removing heat from the containers. Warm air that
is not recirculated from the upper plenum passes up the stack flues
and is emitted back to the atmosphere through outlet grilles. The
column of warm air in the stack flues provides a buoyancy head to
help drive the natural convection flow and overcome flow circuit losses.
The initial configuration of the Dry Store would have all buildings
necessary for handling and containerising the spent fuel plus a vault
building containing two pairs of vaults. As storage space in these
vaults is used up, it is planned to build additional vaults alongside
the initial ones extending the building in both directions. The shape
of the Dry Store complex would therefore change with time. A particular
configuration of the Dry Store buildings, which would contain 24 vaults,
is shown in the photograph of the model in Figure 2.
This paper is essentially concerned with the interaction of the Dry
Store with the external wind environment. In Section 3 the approach
taken to estimate wind loads on the dry store buildings is described.
In Section 4, wind tunnel modelling of the dispersion of accidental
releases is described. Since the fuel is stored in sealed containers
within the store a release of radioactivity is extremely unlikely,
but for the safety case, releases have to be postulated and their
downwind dispersion calculated. The wind tunnel modelling provides
support for the theoretical model used for this.
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Sensitive monitors are provided in the outlet flues of the vaults
to detect any release of radioactivity so that defective containers
can be found and removed. It is important that these monitors give
a correct indication of the concentration of any emitted material.
Section 5 describes work done to look at the effect of possible inflow
of cold external air down onto the outlet flues.
For a given vault heat rating, the flow rate through the vault must
be such that sufficiently low relative humidity is maintained in the
lower plenum and excessive temperatures are avoided in the concrete
roof of the upper plenum. The work described in Section 6 was carried
out to establish whether the internal flow rate could be maintained
to satisfy the above constraints for any likely value of external
wind speed and direction. A design of inlet/outlet arrangement to
minimise the wind induced pressure difference across the internal
circuit had to be developed in order to avoid the need for frequent
short term adjustments of the flow dampers. Pressure differences to
be expected with the chosen design had to be quantified for different
wind directions and vault configurations, so that the effect on the
internal flow could be evaluated, as described in Section 7.
2.

EXPERIMENTALAraANGEMENT
Because of the complexity of the flows involved, a major part of the
work described in this paper involves the use of scale models in a
wind tunnel. This section briefly describes the wind tunnel, the models
and the testing procedures used.
The Marchwood Engineering Laboratories' wind tunnel is an open return,
suck down tunnel with a main working section 2.7m high, 9.1m wide
and 23m long. The maximum air speed in this section is about 15ms
A downstream contraction leads to a second smaller working section
(2.7 x 2.1 x 6m) with a maximum speed of about 60ms
The larger working section was specifically designed to model atmospheric
flows using the boundary layer generation technique due to Counihan
(1969). In the course of the present tests, a 1:300th scale wooden
model of the Dry Store building complex (Figure 2) was placed in this
section in a simulated atmospheric flow at the same scale. Dispersion
from the Dry Store was modelled by emitting from the model outlets
a non-buoyant mixture of gases, containing a trace gas whose concentration
could be measured downstream. Details of the modelling and measuring
techniques are given by Robins (1975). The same model was fitted with
surface pressure taps to assess the wind induced pressures at inlet
and outlet grille positions.
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A larger 1:30th scale model was also used so that details of the internal
flow circuit and the inlet and outlet grille characteristics could
be simulated. However, because of the large scale, only a part model
could be used, consisting of a section of vault building roof and
three stacks (Figure 3 ) . The central stack/inlet arrangement incorporated
a representation of the internal flow circuit, with different internal
flow rates being generated by a fan. This model was use^ in the smaller,
high speed section of the wind tunnel to obtain measurements of the
internal pressures affected by the external wind. The central stack/inlet
was also used in the low-speed section of the wind tunnel to study
the inflow of external air, the hot internal airflow being simulated
by helium/air mixtures.
3

As seen from figure 1 and described above, the storage vault building
superstructure forms part of the cooling air flow circuit through
the vaults and is structurally contiguous with the outlet stack and
the air grilles. It is important that this structure remains intact
under extreme wind conditions and does not of itself create a hazard
to the vault or cooling integrity. The superstructure will be a steel
frame construction clad in sheet metal and must allow extensions to
be made as more vaults are constructed. The long storage period planned
for the facility (up to 100 years) results in a need to consider extreme
gusts of up to 60m/sec but of short duration which will only briefly
affect the cooling performance but may put the building at risk. The
design of the building for wind loading uses factors recommended in
British Standards Code of Practice CP3 but these are based on nominal
wind loads on typical building shapes. Wind tunnel tests done on the
model shown in figure 2 established wind pressure coefficients on
all surfaces of the various building configurations in order to confirm
the loading factors recommended in CP3.

4

"

DISPERSION FROM THE DRY STORE
Any release from the short stacks of the Dry Store would be greatly
influenced by the disturbed flow and extra turbulence produced by
the large Dry Store buildings. The CEGB has developed a model to
conservatively predict the behaviour of releases in these circumstances
(Barker, 1982). This model has been extensively tested against full
scale and wind tunnel data for releases from nuclear power stations,
but in view of the different (and changing) geometry of the Dry Store,
additional wind tunnel tests with a Dry Store model were performed
to validate its use in the Dry Store safety case.
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The 1:300th scale model of the complete Dry Store building complex
was placed in a simulated neutral atmospheric boundary layer flow
in the wind tunnel. Passive releases were modelled from a number of
stacks of three different vault building configurations, for a complete
range of wind directions, Ground level concentrations were measured
out to the equivalent of about 800m. These measurements were compared
with the predictions of the theoretical model and the model was shown
to give adequate, generally conservative, predictions of the downsteam
ground level concentration for all the cases studied.
Because of the arrangement of inlets and outlets to the internal air
flow circuit, there exists the possibility of some emitted material
being re-entrained back into the Dry Store vault buildings for some
wind directions. By measuring the concentrations at the inlets for
different stack releases on the wind tunnel model and using a theoretical
model for the air flows, it was shown that concentrations within the
building should be no greater than those occurring at nearby external
ground level positions.

The warm air leaving the Dry Store up the outlet flues is less dense
than the ambient air. The maximum flow velocity up the outlet flues
is about 2ms ", when a vault has just been fully loaded, but the velocity
will bft much less than this for partial loading or after a few years
of storage. In these circumstances, there is a possibility of ambient
air penetrating down the flues due to the density difference. An external
wind could aid this penetration through the pressure field generated
around the outlet. Deep penetrations are undesirable for a number
of reasons, but, principally, because they could affect the readings
of radioactivity monitors installed in the flues to detect any emissions.
Because any inflow will be determined by very local effects near the
flue outlets, wind tunnel tests to determine the extent of inflow
were performed with a single 1:30th scale internally detailed outlet
arrangement. Preliminary smoke visualisation tests indicated that
the inflow behaviour was worse with an external wind and in these
circumstances the flow could be scaled by preserving the flue gas
to ambient density ratio and the ratio of external wind speed to internal
flow speed.
More detailed tests were then performed using a trace gas mixed with
the internal flow so that the fraction of external air could be measured
at different positions in the outlet flues. These tests indicated
that significant inflows could "occur to deep levels in the flues for
some likely Dry Store operating conditions. The worst cases occurred
for low values of flue gas to ambient density ratio and high values
of wind speed to internal flow speed ratio. The worst wind direction
was with winds blowing diagonally across the outlet configuration.
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For values of the density ratio likely to be attained in the Dry Store,
it was shown that penetration of external air" to lower levels in the
outlet flows could be prevented provided the internal flow speed up
the flues was greater than a certain minimum value. A modification
to the original parallel outlet flues was therefore proposed, basically
consisting of a flap valve which can be closed in steps at low vault
throughflow rates to maintain the desired local velocity. Model tests
suggest that this will prevent any penetration below the position
of the flap.
WIND EFFECTS ON THE NATURAL DRAUGHT FLOW
The buoyancy head which drives the internal natural convection flow
is much less than pressure heads which can be generated by a high
external wind. Consequently, it is necessary to arrange the inlets
and outlets of the internal circuit to minimise wind induced pressure
differences across the circuit. Because of the complex shape of the
Dry Store buildings, it is not possible to specify sufficiently accurately
the wind pressures on the buildings using theory or standard data,
so the l:3OOth scale wind tunnel model of the Dry Store was used to
obtain pressure coefficients over the vault building surfaces U> aid
in the choice of inlet position.
It was not possible to reproduce the inlet or outlet grille
characteristics or the internal flow at the small scale of these tests
and only external pressures on the solid surfaces at the grille positions
were measured. A theory was therefore developed to relate these external
surface pressures to the internal pressure difference acting across
the internal circuit. The theory can allow for the effects of different
grille characteristics and internal flow rates. This theory was validated
by wind tunnel results from the larger 1:30th scale part model with
internal flow. Very good agreement with the observed behaviour was
obtained (Figure 4 ) .
A general arrangement of inlet and outlet design similar to that indicated
in Figure 1 was adopted after the first series of tests. Later tests
refined the design by reducing the stack height and increasing
the inlet area to minimise the internal wind-induced pressure difference.
Tests were made with up to 4 different vault extension configurations
over a full range of wind directions. The results indicated the importance
of matching the inlet/outlet design to the vault building shape.
Improvements were also gained by the correct choice of roof angle
and by rounding the roof edges.
The sensitivity of the results to upstream conditions was checked
by simulating both a large industrial complex and an AGR power station
upstream of the Dry Store model in the wind tunnel. Only small changes
in grille external pressure coefficients were found and calculations
with the theory showed that the effect on internal pressure differences
would be minimal.
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For a given vault building and inlet
:let design, the wind effect
on the internal flow will depend on the wind speed and direction,
the inlet and outlet grille characteristics and internal througnflow
rate. Within limits, suitable grille characteristics (area and resistance
coefficient) can be chosen. The desired internal flow rate can be
calculated from thermal considerations and wil] vary with vault loadings.
External wind conditions will depend on the choice of site, but estimates
of the probability of exceeding given wind speeds can be obtained
from local Meteorological data. By using the measured values of grille
external pressure coefficients obtained from the small scale wind
tunnel tests, with the theory to relate these to an internal pressure
difference, a quantitative picture of the wind effects on the internal
flow can be built up for all conditions that the chosen design is
likely to encounter.
7.

DESIGN IMPLICATIONS OF THE TEST DATA
In parallel with the wind tunnel testing the results of development
tests for the vault corrosion protection system, indicated that the
necessary temperature levels may be lost by "enhanced" vault cooling
caused by wind conditions. Also the finite element analysis of the
temperature effects in the vault concrete structure had shown that
there was greater margin for "adverse" cooling effects than had been
included in the original vault design.
Thus the performance has design requirements to operate, under wind
or still air conditions, between a maximum stack temperature and minimum
recirculation temperature. The reported development and design
interactions resulted in design modifications from that first reported
in Nuclear Engineering International Nov 1981.
The developed theoretical model (Section 6, Para 2) for adverse or
enhanced wind induced pressure differential was then combined with
the still air performance model of the vault. The results show that
there is an almost linear outlet temperature with wind speed.
Presentation of the results in simple form is difficult as there are
so many variables. However, three dominate; temperature difference
to ambient, wind speed, and wind direction. (At the next level of
statistical data variations, second order trends and their combinations
with specific cases must be considered). Fig 5 shows these the variation
in temperatures which are consistent with design criteria for 1 hour
winds up to a design value of 15n> sec
for all wind directions. The
large thermal capacity of the vaults is such that the only winds of
significance are the mean one hour values and short gust peaks are
of no consequence except for structural reasons mentioned in Section 3.
Although the inlet and outlets are close to each other and remote
from adjacent buildings, there is still a significant variation with
wind direction, caused by the building complex.
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The design analysis method allows other types of inlet/outlet arrangement
to be investigated with only the necessity to carry out small scale
wind tunnel tests to find the effect of external buildings on the
pressure coefficients. Assuming there are no external buildings then
a reasonably accurate representation can be assumed for other inlet/outlet
configurations.

It has been shown that for large natural convection cooled vaults,
it is essential that representative scale model testing is done to
provide important design data and that without this work there is
a risk that the performance over the wide range of environmental
conditions may be unsatisfactory.

This paper is produced with the permission of the Central Electricity
Generating Board.
10.
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CONCRETE CASKS FOR STORAGE, TRANSPORTATION AND
DISPOSAL OF IRRADIATED FUEL
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Toronto, Ontario
Canada
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ABSTRACT
Ontario Hydro is assessing the feasibility of using concrete integrated
casks (CIC) for storage, transportation and disposal of irradiated
fuel. Following an analysis of the economic benefits of utilizing one
cask for all phases of irradiated fuel management (IFM), a research and
development program was initiated.
This program included the
engineering development of < prototype cask design and the development
of high strength, high density and highly durable concretes. Once an
optimum concrete mix was chosen, two half scale models of the prototype
cask design were constructed. One cask was subjected to a thermal
testing program to evaluate its heat dissipation characteristics and
resistance to thermal shock loading and freeze-thaw cycles. The second
cask was tested for its structural performance in meeting IAEA
regulations for the transportation of type B packages. The cask was
subjected to drop tests from heights of 9 m (29.5 ft) and 1 m (3.2 ft)
followed by an exposure to a 1000°C (1832°F) fire for a duration of
10.5 minutes. The overall conclusion of the concrete development and
prototype testing programs is that the proposed CIC system is a viable
alternative for irradiated fuel management.
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1.0

INTRODUCTION

Ontario Hydro is assessing concrete integrated casks (CIC) for the
storage, transportation and final disposal of irradiated fuel. While
current irradiated fuel management (IFM) strategies are based on
distinct systems for interim storage, transportation and final disposal
of irradiated fuel, Ontario Hydro is investigating a universal cask for
all phases of IFM.
This unique strategy is referred to as an
integrated system.
2.0 BACKGROUND
The development of concrete casks has been shown to be economically
advantageous /I/. At a time when both on-site storage capacities are
being depleted and a commitment for disposal is uncertain, the Concrete
Integrated Cask (CIC) system offers flexibility by:
(a) providing modular storage capacity as the need arises and offering
precise control on long range storage planning by decoupling
decision making from the other phases of IFM. Thereby, the risk
of major capital expenditures in new storage facilities due to the
uncertainty of final disposal plans is eliminated.
(b) maintaining the irradiated fuel in a state of readiness for
immediate transportation once a disposal repository is available.
Other advantages of the CIC are:
(a) Safety - fuel handling steps are reduced to the initial loading of
the cask.
(b) Multipurpose - a variety of radioactive materials can be stored in
the cask.
(c) Portability - the casks are easily relocated on-site or off-site
due to its transportation capabilities.
(d) Passivity - elimination of the need for auxiliary systems to
remove the heat generated by the fuel.
(e) Secondary waste reduction.
Furthermore, concrete offers:
(a) reduced material and fabrication costs
(b) combined neutron and gamma radiation shielding from its hydrogen
content and density.
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Therefore, in consideration of these benefits, a Research and
Development program was conducted by Ontario Hydro for demonstrating
the technical feasibility of concrete casks.
The concept of integration meant that the developmental program was
based upon a simultaneous consideration of the requirements for the
storage, transportation and disposal phases of IFM. A summary of these
requirements is given in Table I /2/. The engineering development
concentrated on a detailed design for a two module (192 CANDU fuel
bundles) cask which would be compatible for transportation by road.
The research phase first focussed on developing a high strength, high
density and highly durable concrete. Then secondly, once a candidate
concrete mix was chosen, two half scale models of the prototype design
were constructed. One model was subjected to thermal tests to assess
its performance in the storage phase. The second model was used to
evaluate its structural performance in concurrence with International
Atomic Energy Agency (IAEA) guidelines for transporting type R
packages.
3.0 ENGINEERING DEVELOPMENT
The full size prototype cask design is illustrated in Figure 1. The
cask consists of a sealed steel vessel within a reinforced concrete
body. It is cylindrical in shape and has a storage capacity of two
standard (CANDU) fuel storage modules. The cylindrical shape was
chosen for better impact and pressure resistance and the two module
capacity maintains the overall cask size within transportation limits.
The cask is made of a high density concrete. The inner cavity of the
cask is lined with a 25 mm thick carbon steel plate 1n order to provide
both containment and protection for the payioad. The irradiated fuel
bundles are sealed in the inner cavity by welding a carbon steel lid to
the liner walls. The entrance to the cavity is then subsequently
sealed with a concrete lid bolted to the main cask body. The space
between the concrete lid and concrete walls 1s grouted to provide
corrosion protection for the bolting hardware and a continuous top
surface for even force and stress distribution.
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TABLE I
SUMMARY OF MAIN DESIGN REQUIREMENTS
FOR THE CONCRETE INTEGRATED CASK
Critical IFM
Phase

Requirement

Storage

storage of 5 yr old fuel (approx. 3 kW for 192
CANDU fuel bundles)
- internal cavity temperature must remain below
150°C (302°F)
- freeze-thaw durability
- seismic stability
- fuel retrievability

Transportation

IAEA transportation requirements
- 9 m (29.5 ft) drop test
- 1 m (3.2 ft) pin drop test
- 30 minute exposure to 800°C (1472°F)
minimum shielding requirements
- 200 mrem/h on contact
- 10 mrem/h at 1 metre

Disposal

long-term durability
- resistance to ground water attack (chloride
and sulphate ions)
concrete matrix compatible with disposal environment
- eg. backfill material

concrete porewater pH of between 9-11 is
suggested to reduce uranium solubility but not
enhance corrosion
withstand hydrostatic pressures at the repository
level of 1000 m (3250 ft) below ground level
(10 MPa, 1450 psi)
- withstand lithostatic pressures of 10 MPa (1450 psi)

P-84

CASK
LIFTING
LUGS
LID
LIFTING
LUGS

SEAL GROUT

TWO
RECTANGULAR
STORAGE AND
SHIPPING
MODULES
(192 FUEL BUNDLES)

ELASTOMER
SEAL
REINFORCING
8ARS
HIGH DENSITY
CONCRETE
DESIGNED FOR
IMPACT AND
FIRE RESISTANCE

STEEL LINER

DIMENSIONS
DIAMETER:
HEIGHT
:
MASS
:

2.75ra (9ft.)
2.41m (8ft.)
45 Mg (51T)

FIGURE 1
CONCRETE CASK PROTOTYPE DESIGN
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4.0 MATERIAL DEVELOPMENT
In developing a concrete of high strength (>45 MPa, 6500 J>si)f high
density (>3.5 Mg/m 3 , 220 pcf) and low permeability (<10~ 13 m/s), a
number of cement pastes were first evaluated. The initial research
dealt with optimizing the durability of the paste fraction by
considering different cementing elements, water cementing materials
ratios (W/CM) and curing regimes. Normal, moderate heat, low heat and
sulphate resistant portland cements and high aluminous cements were
evaluated. As well, supplementary cementing materials (SCM) such as
fly ash, blast furnace slag, silica fume and silica flour were considered. SCM's tend to reduce the permeability and reduce the leachable
calcium hydroxide content of the paste. Various W/CM ratios with the
use of superplasticizing admixtures were evaluated, as in general, the
lower the W/CM ratio, the greater the strength and the lower the permeability of the paste. Workability of the concrete mix usually defines
the lower limit of the W/CM ratio used. Curing regimes included moist
curing at 23°C (73°F) and 70°C (158°F) and autoclaving at 185°C
(365°F)« The higher curing temperatures, which are similar to those
anticipated in service, may result in more mineralogically stable
cement hydrates.
In all, 29 different pastes were studied, from which four candidate
compositions were identified, and trial batches of concrete using high
density shielding aggregates were made and tested.
The optimum
concrete chosen for the full scale prototype cask is described as
follows /3/:
-

20 mm (3/4 in.) magnetite coarse aggregates
specularite hematite fine aggregates
sulphate resistant portland cement (SRPC)
20% partial replacement of the SRPC with silica fume
low W/CM ratio achieved through the use of superplasticizing
admixtures.

The sulphate resistant cement gave the concrete an increased resistance
to sulphate ions in granitic ground waters. The silica fume was found
to increase the durability of the concrete by enhancing its resistance
to chloride and sulphate ion attach.
Much of the increase in
durability is attributed to the secondary hydration of silica fume with
calcium hydroxide resulting in a reduced permeability, a finer pore
structure, and practical elimination of the leachable calcium hydroxide
phase.
5.0 SCALE MODEL TESTING
Two half scale models of the prototype cask design were constructed at
the Ontario Hydro Research Laboratories. The linear dimensions of tht:
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prototype design were reduced by a factor of two, and the full scale
concrete mix was adapted for use in the half scale models. Due to the
narrower spacing of the reinforcing bars, the maximum coarse aggregate
size was reduced and the workability of the concrete was improved by
increasing the superplasticizer dosage. The resulting mix improved the
concrete placing operation, yet maintained the high strength, high
density and low permeability characteristics of the concrete. The
scale model testing is briefly described as follows:
5.1

Thermal Testing

In these experiments, the concrete cask was initially subjected to
three distinct and realistic thermal environments.
The cask was
located in an environmental chamber to simulate the design ambient
temperatures and an electric heater was placed in the cask's cavity to
simulate the decay heat from irradiated fuel. The tests were referred
to as:
(a) Heat transfer tests
(b) Power-cycling test
(c) Accelerated weathering (freeze-thaw) test.
In the heat transfer tests, the model cask was subjected to a constant
internal heat load and varying ambient temperatures. The objective of
the test was to study the induced thermal gradients in the cask wall
and the cask heat dissipation characteristics. The internal heat load
was the equivalent of a 3.0 kW (five year old fuel) full scale design
loading .
For the power-cycling tests, the cask was subjected to a constant
ambient outside temperature while the internal heat source was ramped
through a series of on-off cycles. The objective was to assess the
cask behaviour under thermal shock loading conditions.
In the accelerated weathering test (freeze-thaw), the cask model was
subjected to a constant internal heat load and freezing and thawing
temperatures externally.
The cask performed successfully in all three initial phases of testing. There were no surface cracks detected and the hoop reinforcing
strain remained below 100 micro strain. The air temperature inside the
cavity reached a maximum value of 75°C (167°F) and the maximum
temperature difference across the concrete wall was 17°C (63°F).
The internal heat loading for each test was scaled such that the
thermal stresses induced in the half scale models would be the same
as those which would occur in the full scale prototype.
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Due to the successful performance of the cask, a fourth phase of testing was prescribed, whereby the cask was subjected to internal heat
loads greater than design requirements. The increased heat loads were
the equivalent of a full scale loading of 4.0 and 6.0 kW. In this
phase, surface cracks were detected; however, the maximum width was
only 0.203 mm (0.008 in.).
5.2

Structural Testing

The structural testing program was based upon IAEA requirements for
the transportation of type B packages /4/ and consisted of:
(a) a drop test from a height of 9 m (29.5 ft) where the cask
impacted on its top edge.
(b) a drop test from a i m (3.2 ft) height onto a rigid perpendicularly mounted steel pin. The orientation and impact point
were the same as in the 9 m (29.5 ft) drop.
(c) exposure to a fire with average flame temperatures of 1000°C
(1832°F) for a duration of 10.5 minutes. The flame temperature and exposure time were scaled values for the half scale
model /5/.
In terms of structural integrity, the cask performed well. The reinforced concrete body was effective in protecting the steel lined cavity
from the high impact forces in the drop tests and from the extreme heat
in the fire test. The peak deceleration in the 9 m drop test was 119 g
and there was no failure of the welds at the steel cover and steel
liner wall interface. The steel lining did not tear or suffer plastic
deformation.
An effective radiation shield remained after all tests. The total loss
or concrete in the drop tests was approximately 2% by weight. This
loss, was concentrated in two areas of the cask. These areas were the
impact point on the top edge of the cask and a location 180° from the
impact point.
The most severe loss of concrete occurred in the fire
test where spall ing resulted in concrete losses not exceeding 19% of
the wall thickness. However, shielding calculations have indicated
that between 30-35% of the concrete wall could be lost in an accident
while still maintaining post-test shielding requirements. The average
loss of concrete on the entire cask was approximately 10% of the wall
thickness.
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6.0

CONCLUSIONS

The development of concrete casks, at Ontario Hydro, for storage,
transportation and disposal of irradiated fuel was initiated following
a study of its economic benefits. Among the advantages, significant
gains in the flexibility and safety of the system were identified; as
well, cost advantages would accrue from the concept of Integration and
concrete utilization.
Flexibility, 1n terms of offering precise
control on long range storage planning by decoupling decision making
from other phases of IFM, is especially attractive at a time when both
on-site storage capacities are being depleted and a commitment for
disposal is uncertain.
The research and development work included the development of a
prototype cask design and the development of a high strength (>45 Jf>a,
6500 psi), high density (>3.5 Mg/m3, 220 pcf) and highly durable
concrete. Two half scale models of the prototype design were also
constructed to conduct thermal and structural tests. In the thermal
testing program, the model cask dissipated the design decay heat loads
without cracking. In the structural testing, which included two drop
tests followed by a fire test, the model cask exhibited good energy
absorbing capabilities as the peak deceleration was 119 g. These
results indicate that concrete casks represent a viable alternative for
irradiated fuel management.
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DRY STORAGE TECHNOLOGY
FROM
TRANSNUCLEAR

Charles W. Pennington, Bill R. Teer
Transnuclear, Inc.
White Plains, New York 10601, U.S.A.
April 8, 1986
ABSTRACT
Transnuclear 1 s dry storage technology is presented from
the perspectives of its past, present and future.
Predecessor dry transport designs from the TN-8, TN-9 and
TN-12 series show the demonstrated and operationally
proven bases of current dry storage cask designs such as
the TN-24, TN-BRP and TN-REG. These current designs are
reviewed in the context of their present application and
utilization in development programs. Future expansion of
the capabilities of current cask designs and examples of
new developments in dry storage casks are also discussed.
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INTRODUCTION
Transnuciear, Inc. has been at the forefront of dry,
spent fuel cask technology in the U.S. since the
development
of the TN-8 and TN-9 overweight truck
transport casks in the mid-i970's.
Internationally,
Transnucleaire,
S.A.,
pioneered
dry
cask
systems
development and operation more than two decades ago.
Today, the Transnuciear Group operates a large number of
high payload, rail and marine casks for the dry transport
of spent fuel.
This dry transport cask experience provides the basis
for the development of Transnuciear's spent fuel storage
cask systems. The modular nature of thick-walled, metal
storage casks allows utilities to use an incremental
approach for increasing at-reactor storage capacity of
spent fuel. With the added capability of serving as the
ultimate transport packaging for stored spent fuel, metal
casks offer utilities an attractive alternative to other
methods of increasing on-site spent fuel storage.
This
paper
presents
Transnuclear1s
dry
storage
technology from the perspectives of its past, present and
future. It looks briefly at the historical transport cask
designs that have led to Transnuciear's storage cask
systems which are now playing a major role in the
Department of Energy's (DOE) storage cask development
programs. After reviewing today's storage cask systems,
the paper also discusses future development efforts for
current generation storage casks and examines possible
directions for new generations of storage casks.
PAST:

TECHNOLOGY BASIS FOR DRY STORAGE

While long term dry storage of spent fuel in large
metal casks is a relatively recent development,
dry
transport in such casks has been Transnuciear 1 s business
for over 20 years.
Some of the transports by the
Transnuciear Group have led to situations in which these
large transport casks have provided "de facto" Interim
storage for spent fuel over extended periods.
For
example, in transporting spent fuel from Japan to the
^processing facilities at La Hague in the TH-12 casks,
the fuel can be in the casks for 3 to 6 months, including
the transport time by ship and the time that the TM-12's
spend on the receiving pad before unloading at La Hague.
This represents a significant fraction of the fuel's
discharge lifetime. The Transnuciear Group has benefitted
from the data collected from these spent fuel shipments
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which involve not only the transport but the storage of
medium-sized quantities of spent fuel. This experience
has contributed to the technology base for Transnuclear's
storage cask development.
These transport cask designs have a long history.
Starting with the TN-2 in 1966, Transnucleaire, S.A.
pioneered the use of dry transport of spent fuel, the only
method now being used in the U.S. Over the last decade,
the Transnuclear Group has developed a family of high
payload, dry casks for the transport of spent fuel from
light water reactors to storage facilities or reprocessing
centers. These transport casks are designed for rail and
marine transport, and many of them are presently being
used for shipments within Europe and between Japan and
Europe. These casks, called the TN-12 series, consist of
four models: the TN-12/1, TN-12/2, TN-13/2 and TN-17/2.
The capacity of these casks is typically 12 PWR or 32 BWR
assemblies with variations in cask dimensions resulting
from the size, burnup, and heat rate of the design basis
fuel. There are more than 80 of the TN-12 series of casks
now in operation throughout the world. Within a few years
there will be approximately 100 in operation.
Key design features of the TN-12 series of cask systems
that have proven successful for transport conditions and
that have direct applicability in storage cask designs
i nclude:
o
o
o
o
o

forged, carbon steel cask body for both
structural strength and gamma shielding;
solid, borated resin for neutron shielding;
double 0-ring cask sealing systems with
interspace test connections;
methods for efficient heat transfer from the
fuel assemblies to the cask outer body;
operationally proven ancillary equipment.

With this fundamental experience and technology as a
base, Transnuclear has been able to address the utilities'
need for dry spent fuel storage systems.
PRESENT;

CURRENT DRY STORAGE CASK DESIGNS

In the early 1980's, Transnuclear began development of
a standard dry storage cask design, recognizing that
government
inaction
in
the
areas
of
spent
fuel
reprocessing and disposal would mean that at-reactor
storage in wet pools would become seriously strained in
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the near future. By the end of 1983, a preliminary design
of the TN-24 was essentially complete.
The TN-24 is a logical extension of the cask designs
described earlier. The main purpose of the TN-24 is to
provide economical, long-term storage of spent fuel at the
plant site. To fulfill that purpose, the payload had to
be significantly greater than earlier transport cask
designs. Thus, the TN-24 has been designed for a capacity
of 24 intact PWR assemblies, with twice this capacity for
consolidated fuel. The innovation of the TN-24 comes from
the effective combination of a number of demonstrated
approaches in a new and expanded application.
The TN-24 utilizes the same basic design principles as
the TN-12 series and provides the primary spent fuel
containment module in an Independent Spent Fuel Storage
Installation (ISFSI).
The cask can be stored in a
vertical or horizontal position in the open or in a
suitable building. Table I provides the general design
requirements for the TN-24. A Topical Report on the TN-24
design is currently under review by the NRC for approval
for use at facilities licensed under 10CFR72.
TABLE I
TN-24 GENERAL DESIGN REQUIREMENTS
1 , Design Life
2, Maximum weight on the crane hook
3. Capacity
4.
5,

Maximum fuel assembly weight
Fuel paramaters
a) nominal burnup
b) Enrichment
c) Decay time
d) Maximum heat generation
6. Effective multiplication factor
7. Maximum fuel clad temperature
8. Internal cask atmosphere
9. Ambient temperature
Solar heat load
10. Maximum
dose at cask surface
11.
12. Handling/Storage orientation
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20 years
100 U.S. tons
24 PWR or 52 BWR
assemblies
1500 lbs.
35,000 MWD/MTU
3.7*
5 years
24 kw, total
keff 0.95
375°C
Inert gas
-30F to 116F
1475 BTU/ft*
site specific to meet
10CFR72 criteria
Horizontal or vertical

In 1985, Virginia Power purchased a prototype of the
TN-24 which had already been fabricated and was available
as a result of a joint development program between
Transnucleaire, S.A., and Kobe Steel Limited. This TN-24
prototype cask was delivered to Idaho National Engineering
Laboratory (INEL) in September of 1985 as part of Virginia
Power's
program
with
DOE
for
dry
storage
cask
demonstrationsIii February 1984, Transnuclear signed a contract with
Nuclear Fuel Services, Inc. to design, certify, fabricate
and deliver two transportable storage casks. These casks
are to be used by DOE for long term storage of 85 Big Rock
Point BWR assemblies and 40 Ginna PWR assemblies at INEL.
At
the
start
of
this contract,
Transnuclear
had
essentially completed the preliminary design of its TN-24
storage cask. Using this preliminary design as a base,
Transnuclear designed two high capacity casks, the TN-BRP
and the TN-REG, and incorporated several
innovative
features which make them unique among storage cask designs.
The TN-BRP is designed to hold 85 Big Rock Point spent
fuel assemblies which are an early generation BWR design.
The TN-REG is designed for 40 Ginna PWR assemblies.
Because the fuel is of low burnup, no neutron specific
shield is required for either cask. The fuel ?ias been
cooled for at least 12 years and, as a result, has a
relatively low heat generation rate. Other than these two
factors, the design bases for the TN-BRP and TN-REG were
very similar to those of the standard TN-24. The BRP will
limit peak fuel clad temperature to 336°C, will have a dry
loaded weight of 97.5 tons and will meet all the other
10CFR71 and 1OCFR72 requirements for transport and storage
of spent fuel
The TN-REG will limit peak fuel clad temperature to
375°C, will have an actual dry loaded weight of 102.5 tons
and will also meet all regulatory requirements .
Oak Ridge National Laboratory (ORNL) reviewed the
Safety
Analysis
Reports
for
Packaging
(SARP)
for
compliance
with
DOE's
transport
regulations
and
recommended to DOE-Idaho that a Certificate of Compliance
(COC) be issued. The COC was to be issued in accordance
with DOE's February 1984 draft of "Administrative and
Technical Procedures for Hazardous Material Packagings".
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In August of 1985 the DOE decided to have Transnuciear
apply for a Certificate of Compliance from the NRC rather
than issue a Certificate under DOE rules as planned. The
SARP's were revised to conform to NRC format requirements
and submitted to NRC on September 13, 1985 and October 22,
1985 for the TN-BRP and the TN-REG, respectively. The NRC
review is currently underway.
Table II provides the design requirements for the
TN-BRP and TN-REG.
Both casks were delivered ahead of
schedule in the summer of 1985.
TABLE II
TN-BRP AND TN REG REQU IREMENTS
TN-BRP

1.

Design life
Number of fuel assemblies
Fuel assembly weight
Initial enrichment
Maximum fuel clad
temperature
6. Ambient temperature
7. Weight of loaded cask, dry
8. Heat load
9. Handling/storage
orientation
10 . Cavity atmosphere
11 . Outer surface
12 . Regulatory requirements
2.
3.
4.
5.

FUTURE:

TN-REG

20 years
85 BWR
40 PWR
465 l b s .
1271 l b s
3.5%
375°C (707°F) --Reg. Guide 7.8 -100 tons
105 tons
5KW
Horizontal or vertical
Inert gas
- Smooth (no fins)
- 10CFR72, 10CFR71 -

DRY STORAGE DIRECTIONS AND DEVELOPMENTS

Over
the next several years, dry storage cask
development
efforts
will
have
two major
areas of
emphasis. The first emphasis will be on the expansion of
capabilities of current generation storage cask designs.
Currently, storage casks are being licensed by NRC for
storage of intact spent fuel as part of a 10CFR72 licensed
facility.
The
two
areas
of
possible
capabilities
expansion for these casks are the storage of consolidated
fuel and transport certification under 10CFR71.
DOE
development programs are focusing on these two areas and
Transnuclear is actively participating in these programs.
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In the area of storage of consolidated fuel, it is
anticipated that the TN-24 prototype will be loaded with
consolidated fuel from Virginia Power's Surry Station
sometime
in
1987 as part
of DGE's
dry
storage
demonstration program. The data from this demonstration
will be useful in the certification of the TN-24 and other
cask designs for storage of consolidated fuel.
Transnuclear
is
actively
pursuing
transport
certification for the TN-BRP and TN-REG. This experience
will
have
direct
application
to
the
transport
certification of the TN-24, as well. In line with DOE and
utility needs, Transnuclear anticipates having storage
cask designs certified for storage of both intact and
consolidated fuel. Transport certification of intact and
consolidated fuel may also be achievable within the next
two years.
The other area of emphasis in future dry storage cask
development will involve new generations of storage casks
that offer innovative approaches to spent fuel storage.
Transnuclear has already taken a step in this direction
with the TN-BRP and TN-REG designs. However, we are
developing even more novel approaches to dry storage. As
an example of this, Transnuclear developed a storage cask
concept called the Extra Large Storage
Cask (XLSC). This
concept grew out of Transnuclear1s 1981 development of
very large transportable storage cask designs to address
the at-reactor spent fuel storage needs of the utilities
in the late 1980's and beyond. This early development
work centered on cask capacities that were limited by the
cask weight which could be lifted by the cranes of spent
fuel handling facilities at most reactor sites. It was
concurrently determined that if cask weight could be
decoupled from reactor crane lifting limits, great
improvements could be achieved in cask carrying capacity
and in the associated storage and transport economics.
In 1984, Transnuclear was awarded a contract by DOE to
perform a technical feasibility study of such high
capacity XLSC's which are defined as casks that are too
large or heavy to be handled by the spent fuel loading
cranes at most reactor sites.
The scope of this study included a technical
evaluation of and conceptual designs for storage/transport
and storage-only XLSC's, each containing either Intact
assemblies
or
consolidated
fuel
rods.
For
the
consolidated fuel case, a conceptual design was presented
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for a transportable fuel disassembly and rod consolidation
hot cell called the Mobile Equipment for Consolidation
(MEC).
The
MEC,
located
and
operated
within
a
utility-provided structure, would consolidate spent fuel
into triangular cross-section cans.
Triangular cross
section storage cans offer 3 major advantages: (i) fuel
rods have a natural tendency to assume a close-packed
arrangement when placed in a triangular can; (ii) the XLSC
for such cans does not require a basket since the cans can
be loaded into the cask in an hexagonal close-packed
arrangement and are self- supporting; (iii) heat transfer
characteristics with triangular cans loaded in such an
arrangement are greatly improved when compared with those
of cask-with-basket designs.
With
the
XLSC's
independence
of
reactor
site
limitations comes the need to establish different methods
to get spent fuel into (and out of) the XLSC. These
methods must interface with the XLSC, the MEC (if desired)
and the reactor facilities.
To accomplish spent fuel transfer on the reactor site,
smaller casks and ancillary equipment, termed support cask
systems, were developed. These support cask systems can
be used repeatedly at a Targe number of reactor sites
H . e . , each reactor site does not require its own
dedicated support cask system). Several general concepts
for transferring intact fuel were developed.
In 1985, Transnuclear completed the study with the
conclusion that an order of magnitude Increase in storage
cask capacities is achievable with the XLSC concept and
that these casks also have a very real potential for being
transportable. The economics of XLSC's appear to be quite
good. Transnuclear intends to pursue further development
in this area, as well as in others that involve new
materials or new configurations.
CONCLUSION
Transnuclear1s dry storage technology is founded on
two decades of dry, spent fuel transport cask experience.
Current storage cask designs are at the forefront of
today's technology, and Transnuclear has already begun the
process of innovative change to address non-standard
situations. For the future, Transnuclear 1s proceeding
down parallel paths, expanding the capabilities of
current generation cask designs and conceptualizing the
new generation of designs that can advance dry storage
technology safely and economically.
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DESIGN OF A HORIZONTAL CONCRETE MODULE AND
A DRY SHIELDED CANISTER FOR USE IN AN
IRRADIATED FUEL STORAGE SYSTEM
John V. Massey, Ph.D., Jerry M. Rosa, P.E.
Mohamad Shamszad, P.E., Sylvia S. Wang, Ph.D.
and Jaromir A. Maly, Ph.D.
NUTECH, Inc.
145 Martinvale Lane
San Jose, CA 95119
The MJTECH Jtorizontal Modular jtorage (NUHOMS) system is designed to
store irradiated nuclear fuel Trc a dry environment at the reactor
site. The system provides containment of the fuel by a stainless steel
weld-sealed canister. Biological shielding and protection of the
canister jainst missile impact is provided by a reinforced concrete
module, "lie fuel cladding is kept at a safe temperature by a natural
air draft through the module. The system is completely passive and
requires no instrumentation or maintenance. The basic components of
this storage concept can be sized up or down to suit specific utility
requirements of fuel size and type, fuel pool crane capacity and storage
site space limitations.
The NUHOMS system is currently being demonstrated and tested at the H.
B. Robinson Nuclear Power Plant. The demonstration program is a joint
venture by Carolina Power and Light Co., the Electric Power Research
Institute, NUTECH Inc., and the Department of Energy. As part of the
program, NUTECH submitted to the Nuclear Regulatory Commission
(NRC) a
generic, topical safety analysis report in November of 1WJ4* 1 ' and has
recently received approval of the report. A safety analysis report for
the H. B. Robinson facility was prepared by Carolina Power and
Light
(with assistance from NUTECH) and filed in February of 1985^ z '.
GENERAL SYSTEM DESCRIPTION
The NUHOMS system consists of three primary components: the Dry
Shielded Canister (DSC); reinforced concrete Horizontal Storage Module
(HSM); and the spent nuclear fuel assemblies. In order to implement the
system, some additional support equipment is required to transfer the
loaded DSC from the spent fuel pool to the HSM. This equipment consists
of a truck and trailer, a transfer cask and skid, and a hydraulic ram to
insert the DSC into the HSM.
Canister: Fig. 1 shows the DSC of a NUHOMS system sized to hold seven
irradiated PWR fuel assemblies. The main component of construction is a
0.94m (37.0 in) outside diameter, 0.0127m (0.5 in) thick stainless steel
cylinder. The length of the cylinder is dependent on the fuel assembly
design. The internal basket is composed of seven square cylindrical
cells fabricated from stainless steel clad boral. The boral provides
neutron poison to ensure nuclear criticality safety during wet loading
P-99

CASING BODY

SIPHON TUBE

-END CAP

Figure 1

Dry Shielded Canister and Internal
Basket of the NUHOMS System
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operations. Structural support is provided by circular stainless steel
spacer disks. There is one disk under each spacer grid in the fuel
assembly. Longitudinal support for the basket is provided by four
support rods which run the whole length of the canister. Shield plugs,
constructed of steel and lead, are welded to each end of the canister.
These plugs provide shielding so that when the canister is inside the
transfer cask or the HSM, the radiation level is sufficiently low to
permit direct handling. Both shield plugs have double, redundant, seal
welds. The bottom plug is welded to the DSC body during fabrication and
the top plug is welded after fuel loading. Also, all connections (drain
and air purge lines) are redundantly sealed. This assures that no single
failure of the canister end plates will breach the containment.
Horizontal Storage Module: The HSM is constructed from reinforced
concrete and structural steel. The HSMs are placed in service on a load
bearing foundation which is within a fenced, controlled access area.
The thick top and front of the module provides neutron and gamma
shielding. Thick walls are also provided at the end of a unit of eight
modules to provide shielding (see Fig. 2). Nominal surface doses are
kept below 20 mrem/hr.
The HSM provides fuel cooling by a combination of radiation, conduction
and conyection. Air enters at the bottom of the HSM, driven by thermal
bouyancy, passes between the DSC and the internal walls of the HSM. The
air exits through the flow channels in the top shield slab. Heat is
conducted out of the DSC into the air flow. Heat is also radiated from
the OSC to the HSM walls which are cooled by the natural air draft and
conduction to ambient air.
Transfer Cask: The transfer cask used in the NUHOMS system furnishes
shielding during the DSC drying operation and during the transfer to the
HSM. For the NUHOMS system shown in Figure 1, the cask must have a
4.57m (180 in) long internal cavity with a 0.95m (37.5 in) internal
diameter. Any suitable cask design.which meets these dimensions and the
licensing requirements of 10CFR72"' can be used.
Transporter and Hydraulic Ram: The transporter consists of a trailer
with a capacity of 90720kg (100 tons). The trailer carries the cask
skid and the loaded transfer cask. It is pulled by a conventional
tractor. The horizontal hydraulic ram is a telescopic, hydraulic cylind
er with a capacity of 97356 N (22000 lb f ) and a reach of 5.79ra (19 ft).
System Operation: The primary operations, in sequence of occurrence,
are summarized in Table I. A more detailed description of the
j
operations (approximately 200 individual steps) is provided in the
NUHOMS Topical Report.
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TABLE I
NUHOMS Fuel Handling Operations
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

Clean the DSC and Load it into the Transfer Cask
Fill the DSC and Cask with Demineralized Water
Lift the Cask Containing the DSC into the Fuel Pool
Load the Fuel into the DSC
Place the Top Lead Plug on the DSC
Place the Head on the Cask
Lift the Cask Containing the Filled DSC out of the Fuel
Pool and Place it on the Drying Pad
Remove the Cask Head
Drain the Water from the Cask and DSC
Seal Weld the Upper Steel Cover of the Top Lead Plug
onto the DSC Body
Evacuate and Dry the DSC
Backfill the DSC with Helium
Seal Weld Plugs in the Drain and Vent. Line of the DSC
Place and Seal Weld the Top Cover Plate
Replace the Cask Head
Lift the Cask onto the Trailer and Lower it into the
Horizontal Position
Tow the Trailer to the HSM
Remove the HSM Door
Remove Cask Head
Align the Cask and the HSM
Remove the Cask Rear Cover Plate
Insert the Hydraulic Ram
Push the DSC into the HSM
Replace and Track Weld the HSM Door
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PRINCIPAL DESIGN CRITERIA
The principal design criteria for the NUHOMS system can be divided into
four major areas.
o Material to be stored
o HSM
o DSC
o Transfer System
The paragraphs below discuss the important criteria.
Material to be Stored: The NUHOMS system can accept any power reactor
fuel which has been burned to less than or equal to 35,000 MWd/MT and
subsequently cooled for more than five years. The primary design
criteria based on this fuel burnup and cooling time is a decay power
level of
less than 1 Kw/assembly and gamma and neutron sources of
5.7*10 b photons/sec/assembly and 1.7*10 neutrons/sec/assembly,
respectively (these values are for PWR fuel; for BWR fuel, the values
would be reduced by approximately one half). The physical parameters
(i.e. length, distance between spacers, envelope, e t c ) also impact the
DSC design. Variation in these parameters due to different fuel types
and vendors require slight modifications to the DSC basket design.
These modifications are made on a site specific basis.
Horizontal Storage Module: The principal design criteria of the HSM can
be grouped in four categories; general, radiological protection, heat
rejection, and structural. Table II summarizes the principal criteria
in each area. The general criteria define the overall size and
function. The radiological criteria provide adequate protection for onsite workers and limit the off-site doses well below acceptable
limits. These criteria define the shielding thickness.
TABLE II
Horizontal Storage Module Design Criteria
General Criteria for HSM
Capacity

1 DSC Per Module

Unit Size
8 Modules per Unit
Dimensions (Per Module)
Length
5.92 m (19.42 f t )
Height
3.66 m (12.00 f t )
Width
1.70 m (5.58 f t )
Material

Reinforced Concrete
and Structural Steel
P-104

Service L i f e

50 years
Radiological

Surface Radiation Dose Rate (contact)
Off-site Doses

£ 20 mrem/hr
_<_ 5 mrem/year

Heat Rejection
Maximum Ambient Temperature
Total Heat Rejected
Maximum Canister Surface Temperature
(Normal Operations)
Maximum Concrete Temperature

51.7°C (125°F)
7Kw
177°C (350°F)
65.6°C (150°F)

Structural Criteria for HSM
Design Load

Desian Parameters

Applicable Codes

Design Basis
Tornado

Max. Wind Pressure: 17956 N/m2 (375 l b / f t 2 ) ACI 349-80
Max. Speed: 161 m/s (360 MPH)
NRC Reg. Guide 1.76
ANSI A58.1 1972

DBT Missile

Max. Speed: 56.3 m/s (126 MPH)
NUREG 0800,
Types: Automobile, 1799 kg (3967 lb)
Section 3.5.1.4
20.3 cm (8 in) 125 kg diam. shell (276 1b)
2.54 cm (1 in) solid sphere

Flood

Maximum Water Height: 122 m (400 ft)
Maximum Velocity: 5.8 m/s (19.1 ft/sec)

10CFR72.72

Seismic

Design Hor. Acceleration: (0.25g)
Design Vert. Acceleration: (O.lg)

NRC Reg. Guide 1.60
NRC Reg. Guide 1.61

Snow and Ice Maximum Pressure: 3447 N/m2 (72 lb f /ft 2 )

ANSI A58.1 1972

Dead Loads

Dead Weight; Including DSC

N/A

Operation
Handling
Loads

Hydraulic Ram Load: 27578 N (6,200 lb f )

Operation
Hydraulic Ram Load: 97856 N (22,000 lb f )
Handling
Accident Loads
Live Loads

Design Loads 9576 N/m2 (200 lb/ft2)
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N/A

N/A

N/A

The heat rejection criteria define the minimum air flow area and the
allowable geometry (pressure drop) of the internal air flow passages.
The passages are sized to allow sufficient air flow through the module
to maintain the DSC surface temperature under 177°C (350°F). With the
maximum OSC surface temperature under 177°C, detailed calculations for
the DSC interior show that the maximum fuel rod cladding temperature
would be well below 380°C (716°F). Also, a detailed thermal analysis of
the HSM showed that for normal conditions, concrete temperatures would
be below 65.6°C (150°F).
The maximum clad temperature limit (380°C) was selected based on the
extensive work by Battelle Laboratories
and others on fuel integrity
under dry storage conditions^ 5 * 6 ). Based on the available literature,
it is conservatively expected that storage at temperatures below 380°C
will not lead to fuel degradation.
The structural criteria used in the HSM design are also shown in Table
II. The horizontal storage module (HSM) is designed by analysis to
withstand all normal operating loads and the abnormal loads created by
seismic activity, tornados and other natural events. The analysis of
the bounding load cases are discussed in the analysis section of this
paper.
Dry Shielded Canister: The principal design criteria for the DSC (shown
in Table III) include general, structural, containment, radiological and
criticality requirements. As with the HSM, the general criteria define
the overall size and function of the DSC. The structural features of
the DSC are defined, to a large extent, by the cask drop accident. The
canister body, the. double containment welds on each end, and the DSC
internals are designed to continue their intended functions after a cask
drop accident. The design is such that drop-heights of up to 9.14m (30
ft.) creating decelerations of up to 2817m/s^ (287g) can be tolerated.
The DSCs of this design could.be shipped in existing, licensed shipping
casks such as the GE IF-300^''. However, considerable cost savings
could be achieved by designing the DSC for much lower loads and using a
specially designed cask to limit the 9.14m (30 ft) drop loads to a
reduced level. Designs for such DSCs have been developed for
deceleration loads of 471m/sz (48g).
TABLE III
Dry Shielded Canister Principal Design Criteria
General Criteria for DSC
Capacity per Canister

7 PWR

Size
Length (typical)

4.55m (179 in)
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Diameter 0.94 (37 in)
Temperature (Max fuel rod clad)
Cooling

380°C (716°F)

Natural Convection

Service Life

50 Years

Material
304 Stainless Steel
with Lead End-Shields
101300 N/m2 (1 atm)

Internal Helium

Structural Criteria for OSC
DESIGN LOAD

DESIGN PARAMETERS

APPLICABLE CODES

Flood

Maximum Water Height: 122 m (400 ft.)
Maximum Velocity: 5.8 m/s (19.1 ft/sec.)
10CFR72.72

ASME Section III-I NB
Class I Components

Seismic

Design Hor, Acceleration: 2.4 m/s 2 1.25g) 1OCFR72.66
Design Vert. Acceleration: 0.98 m/s* (O.lg) NRC Reg. Guide 1.60
NRC Reg. Guide 1.61

Dead Load

Weight of OSC Loaded: 9979 kg (22000 1b.)

N/A

Design Basis
Design Pressure: 27580 N/m (40 psia)
Internal Press.

N/A

Design Basis
Maximum DSC Temperature: 204°C (400°F)
Operating Temp

N/A

Operation
Handling Load

N/A

Hydraulic Ram Load: 27578 N (6200 lb.)

Hydraulic Ram Load: 97856 N (22000 lb f )
Operation
Handling
Accident Loads

N/A

Cask Drop

Peak Deceleration: 2817 m/s 2 (287g)

N/A

Accident
Pressure

Maximum Internal
9
Pressurization: 406805 N/m' ( 9 psi)

N/A
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Confi nement/Contai nment
DSC Surface Contamination
(same as shipping cask)
Beta/gamma emitters
Alpha emitters

.
?
10~,TCi/cnn
10~5Ci/cn/

He Leak Rate

10"6atm-cm3/sec
Radiological

End Surface Dose

_< 200 mrem/hr

(inside HSM or Cask)
Criticality
K e f f (at 95% confidence level)

0.95

In addition to the cask drop accident, the DSC is designed to withstand
many other operational and accident loads (see Table IV). These include
handling, earthquakes, internal pressurization, temperature, floods and
external explosions.
The containment, radiological and criticality design criteria are chosen
to ensure the safety of the NUHOMS system. The containment criteria
define the handling procedures in the fuel pool (to minimize exterior
contamination) and impact the structural analysis (assure survival of
double containment welds and DSC body during all events). The
radiological criteria define the thickness of the steel and lead shield
plugs at each end of the DSC. The criticality criteria assure that an
inadvertent criticality event will not occur and define the boron
content of the gui^a sleeves.
Transfer System: The principal design criteria of the transfer system
components are shown in Table IV. The components discussed here only
affect the horizontal movement of the cask and DSC. The vertical
loading of the DSC into the cask, the cask into the pool, the fuel into
the DSC and the cask (out of the pool) into the skid is done by an
existing fuel pool crane.
TABLE IV
Fuel Handling Equipment Criteria
Component
Cask

Requirement

Criteria

Dimensional Capacity
(37.5" Diam. X 180" in Length)

0.954m dia. X 4.572m Long

Payload Capacity

10,000kg (22,000 16)
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Skid

Trailer

Heat Rejection

7 kw with DSC Surface at <256°F

Rotation

Vertical t o Horizontal

Biological Shielding

10CFR20

Capacity

Cask + DSC

Transverse Motion

+5.08 cm (2 i n . )

Rotation of Cask

Allow Vertical to Horizontal

Length

Must not Extend Past Head End of
Cask

Capacity

Skid + Cask + DSC
Must not Extend Past Heat end of
Cask

Length

7.62cm (3 i n . ) External Adjustment
Requirement May be Satisfied by Skid

Height Adjustment

Cask must be Solidly Supported
During Transfer Operation

Springing

98,000N (22,000 lb f ) Extend and
Retract

Hydraulic Ram Capacity
Load Limiting

Maximum Force Must be Limitable

Stroke

5.8m {19 ft)

Base Mounting

Immobile During Transfer

As t h i s paper is primarily concerned with the HSM and DSC design, only a
brief discussion of the transfer system is presented here (see
references 1 and 2 for more d e t a i l ) .
The primary c r i t e r i o n for the transfer system is the capability for
tranverse and vertical motion. This allows precise alignment (to within
+0.0246 cm (+1/16 in) true position) of the cask with respect to the
module. The alignment is verified by a precision transit and optical
fixtures on the cask and module. The other major transfer system
c r i t e r i o n is the ram load which is limited to prevent damage to the
canister.
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OPERATIONAL AND ACCIDENT ANALYSIS
The previous section presented the principal design criteria of the
NUHOMS system. This section provides a summary of the engineering
analyses performed to assure that the design criteria were met.
The design of NUHOMS system includes engineering analysis for normal and
off-normal operating conditions and a range of credible
and hypothetical
8
accidents. In accordance with Regulatory
Guide
3.48^
',
design events
identified by ANSI/ANS 57.7-198P 9 ' are used in the accident analyses.
The analysis of the operational and accident conditions fall into three
main categories; structural, nuclear and thermal-hydraulic. The
bounding structural analyses were for the earthquake, tornado and cask
drop accidents. For the nuclear analyses, shielding of the DSC end
plugs and the HSM walls and penetrations and the criticality analyses
were of primary concern. The thermal-hydraulic analyses centered on the
calculations of the air flow inside the module, the air and concrete
temperatures and the DSC and fuel cladding temperatures. Summaries of
these main analyses are provided below.
Structural Analyses: The NUHOMS topical report^1' contains the details
of all the structural analyses which were performed. The tornado,
earthquake and cask drop analyses are summarized here because these
events dictated the majority of the parameters in the structural design
of the HSM and the DSC.
Tornado/Tornado Missi1es: The most severe tornado winds specified by
NUREG 0 8 0 0 u u ; and Regulatory Guide 1.76 (li ' were selected as a design
basis tornado (DBT) accident. The maximum generated windrtloads from the
DBT are 17956 N/r/ (375 lb/ft^) and 16663 N/n/ (348 Ib/ft*) on opposite
walls of the concrete module. These pressures were applied to the concrete module as uniformly distributed loads. The bending moments and
shears at critical locations were evaluated by means of the moment
distribution procedure. The resulting moments and shears were
subsequently included in the applicable load combination cases to
evaluate the overall acceptability of the HSM design. An evaluation was
also made which showed that even a stand alone module would not overturn
or slide due to the wind loadings.
In addition to the wind loading analysis, the module was evaluated for
damage from tornado generated missiles as specified in NUREG 0800. The
main analysis was for a 125 kg (276 lb), 20.3cm (8 in) diameter, blunt
nosed* hardened steel object and a 1803 kg (3976 lb) automobile with a
1.86nr (20 ft*) frontal area traveling at 56.3m/s (184.8 feet/sec).
The methods of analyses were those recommended in NUREG 0800. These
analyses show that no significant damage would occur to the nodule.
However, it was determined that upon impact with the tornado propelled
automobile, a stand alone module would slide and could overturn unless
it is tied down to the foundation. The larger NUHOMS module units do
not have this requirement because of significantly larger weight and
enhanced stability.
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Earthquake: The seismic forces acting on the NUHOMS system are
much site dependent. However, for generic purposes, the design response
spectra of NRC Regulatory Guide 1 . 6 0 ^ ' was used for seismic analysis
of the NUHOMS system. A maximum horizontal acceleration of 2.4m/sd
(0.25g) and maximum vertical acceleration of 1.67m/s (0.17g) were
selected for the generic seismic analysis. Evaluations for higher
seismic activity (such as in the western United States) will be done on
a site specific basis. Damping values of 3 percent for steel and.7-oercent for concrete were also selected based on NRC Reg. Guide 1.61'"'.
The equivalent static approach was selected for the seismic analysis.
Based on the lowest natural frequency of any component, no dynamic
amplification factor was required in the analysis.
To evaluate the structural response of the concrete module, an
equivalent static analysis was performed. For the vertical seismic
load, the results of the dead load analysis were factored by 0.1 to
account for the vertical seismic effect. Bending stresses resulting
from the horizontal and vertical seismic analyses were conservatively
increased by a factor of 2 to account for any possible dynamic multimode
excitation. The final results were included in the applicable load combinations with appropriate,factors.
The resulting stresses were well
within the code allowables^1*'.
Analyses were also performed to determine the seismically induced
stresses in the DSC and in the DSC support assembly inside the module.
These evaluations
showed that all stresses were well within code
allowables^15'.
Cask Drop: The cask drop accident analysis addressed the structural
integrity of the DSC and its internals. Tvro different deceleration
cases were evaluated. These cases were a minimum deceleration case of
472m/s (48g) and a maximum deceleration case of 2817m/s (287 g ) . Top,
bottom and horizontal drops were considered.
Deceleration time_bistories for the IF-300 transportation cask were used
in this analysis*'K The two different deceleration cases were
evaluated to examine the potential differences between a canister
designed to be shipped in an existing transport cask (i.e. the IF-300
cask) and a canister designed to less stringent structural loads (i.e.
to be shipped in a future shipping cask designed to absorb more of the
load during a drop accident). The maximum deceleration case described
above models a 9.14m (30ft) drop inside an existing IF-300 cask. The
minimum deceleration case models a drop inside a yet to be fabricated,
future shipping cask specifically designed to ship and protect the DSCs
(i.e. a cask meeting the deceleration and loading criteria selected for
the minimum deceleration analysis).
The two deceleration cases lead to two slightly different OSC designs.
To withstand the maximum deceleration case, the spacer disk must be
approximately twice as thick as for the minimum deceleration case.
P-lll

Also, the top and bottom end plugs of the canister designed to withstand
the maximum deceleration case contain significantly larger steel plates
than the canister designed for the minimum deceleration case.
To analyze the drop accidents, STARDYNE^16* and ANSYS^ 17 ^ finite element
models of the various DSC components were developed. Static and dynamic
analyses were performed (linear and nonlinear). The complete details of
the analyses are provided in the NUHOMS topical report. The stresses in
all components and welds were within acceptable limits; hence, a severe
drop accident would not breach the containment integrity or the DSC.
Thermal-Hydraulic Analysis: The thermal-hydraulic analysis consisted of
three major calculations: the air flow rate and temperatures through the
module; the DSC exterior surface and HSM concrete temperatures and the
DSC interior temperatures. The ultimate goal of these calculations was
to produce a design that maintains the maximum fuel rod clad temperature
below 380°C (716°F).
Three normal operational cases were evaluated. These were for entering
air at -40°C (-40°F), 21°C (70°F), and 51.7°C (125°F). Two accident
cases were also evaluated. These modeled the DSC temperatures during
the blockage of the air inlets for a long period of time and the
complete blockage of all air inlets and outlets for 48 hours.
t
Air Flow Calculations: The HSM is cooled by a natural draft of air ;
entering at the bottom of the module and exiting from the module through
two vents at the front and back of the roof (see Fig. 3). The
temperature difference and the 2.1m (7.0 ft) height difference between
the canister bottom and the exits creates the "stack effect," to drive
the air through the module. The flow paths inside the module were
designed (i.e. flow areas varied to reduce the pressure losses due to
friction, area change and direction change) so that the pressure
difference created by the stack effect could produce the mass flow
required to remove the decay heat of the DSC and maintain the fuel clad
temperatures below the design limit.
The pressure loss equations were solved iteratively to yield values of
temperature rise and mass flow. Using the values of mass flow, the air
temperatures at various locations around the canister were determined by
assuming isotropic heat flow out of the DSC and integrating the energy
equation around the canister. Sample results of this analysis are shown
in Table VII.
DSC Exterior Surface and HSM Temperatures: The HEATING6^18^ computer
program was used to calculate the DSC exterior surface temperatures and
the temperature distribution within the HSM. The module is modeled as
one (right) half of its cross section at the location of the peak power
(peak factor of 1.08). Symmetry is assumed along the vertical center
line. Inside the module, the canister is.modeled as a cylindrical shell
with an inner surface heat flux of 700w/nr (1.54 BTU/hr-in*). The
cylindric shell is modeled as 20 rectangular half inch thick stainless
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steel plates insulated on two sides and having the same heat conducting
surface area as the DSC. The rectangular modeling of the cylindric
shell is necessary because only one type of geometry is allowed in the
HEATING6 code and most parts of the HSM model are rectangular. The heat
is assumed to flow out of the canister and HSM surfaces into a constant
temperature heat sink. The air temperatures shown in Table V were used
as the heat sink temperature.
TABLE V
HSM Temperature Distribution Results

Case

Air
Temperature(°C)
In

Out Max

Maximum Canister
Canister Outside
Temperature(°C)

Maximum
Concrete
Temperature(°C)

Bottom

Roof
Inside Outside

Side Top

1

-40 -7.4

-4.8

-6.1

-24

2

21 62.2

65.5

75.6

52.8

3

51.7 97.2

101

121

98.9

4

51.7 149149 179
(Inlets Plugged)

102

5

None None
340
340 340
(All Vents Plugged Temperatures for 48
hours with outside air at 51.7°C)

237

98.9

The results of the computer runs for the HSM are in the form of
temperature distribution maps. The output map shows the steady state
temperature distribution on the surface of the canister and throughout
the HSM. Table V summarizes the results. The results were used in the
structural analysis for the concrete behavior under the expected long
term thermal loads and the short term transient accident loads. The
other main result from the HSM calculations was the steady state
temperature distribution on the surface of the canister. These steady
state surface temperatures were used as input for the DSC model.
DSC Interior Temperatures; In the DSC model the interior components and
the DSC canister body are modeled in detail using the HEATIN66 computer
program. The canister is assumed to be immersed in a heat sink with the
canister surface temperature given from the previous HSM model
calculations. The fuel region inside the canister is modeled as a heat
source equal to 1.08 times the average heat generation.
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The heat generated in the fuel regions is transferred towards the
canister shell by radiation, convection and conduction. An effective
thermal conductivity for the fuel region was determined to account for
the different materials (U0 2 , Zircaloy and He) and to include the
combined effects of radiation, conduction and convection. The NUHOMS
topical report provides the details of the derivation of this effective
thermal conductivity.
The derivation is based on the Wooten-Epstien correlation^19'.
The results of the calculations are printed in the form of a temperature
map, The temperature maps show that the maximum temperature of the fuel
is slightly above the midplane of the canister. This is because the
lower half of canister shell is at a lower temperature than the upper
half (entering air is cooler than exiting air).
The temperature maps were used for the evaluation of fuel cladding
temperatures, the He temperatures, and the temperatures of canister
internals. These temperatures were used to evaluate the thermal
stresses in the canister and canister internals. Table VI summarizes
the results.
TABLE VI
DSC Interior Temperature Summary
Ai r Temperature (°C) Max DSC Wall
Max Fuel
Average Helium
Case HSM Inlet Temperature(°C) Temperature(°C) Temperature(<>C)
1

-40

80

295

157

2

21.1

140

322

198

3

51.7

1/1

338

221

4

149
212
all around DSC
(inlets plugged)

370

261

5

340
340
all around DSC
(complete
blockage)

470

413

6

DSC in Caskl25
with vacuum
inside

376

--
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The main purpose of the thermal-hydraulic calculations was to show
the maximum fuel rod cladding temperature during normal operations
below the 380°C limit and to show that the maximum short term fuel
cladding temperature was below the 570°C limit. As shown in Table
these temperature limits are not violated under any conditions.

that
was
rod
VI

Nuclear Analysis: The major purpose of the nuclear analysis was to show
that adequate design precautions were taken to assure radiological and
nuclear criticality safety. The primary analyses were source
characterization, radiation shielding, and criticality.
The source characterization was done with the ORIGEN2' ' computer
program. The calculations were based on standard PWR fuel which had
been burned to 35,000 MWd/MT and cooled for five years. Details of the
resulting gamma and neutron spectra are provided in the NUHOMS
topical. These spectra were used in the subsequent calculations.
Shielding calculations were made for both the top and bottom end shields
of the DSC (including the vent and drain line penetrations), the walls
and roof of the HSM and the four air penetrations in the HSM. Three
different computer programs were used; ANISN^ 1 ^ (for neutron
and
gamma), DOT-IV^"' (for neutron and gamma) and QADMOD-G^" J (for
gamma). Table VII summarizes the shielding analysis. Using the results
of Table VII both on-site and off-site dose assessments were
performed. These evaluations showed that the dose rates shown in Table
VII were acceptable from both an operational and ALARA perspective.
TABLE VII
Shielding Analysis Results
NUHOMS Location
HSM Wdl 1 or roof1

Nominal Surface Dose Rates l(mR/hr)
Neutron
Gamma
Total
0.03

8.2

8.2

52

47

99

17.7

14

31.7

Outside HSM door 2

1

2.6

3.6

HSM air exhaust penetration

1

11.5

12.5

19

33

52

20.6

2.5

23.1

Outside DSC top shield
plug2
Outside DSC top cover
plate*

HSM air inlet penetration
Cask - DSC annular gap
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Transfer cask surface1

2.5

3.1

5.6

At active fuel midplane.
2

Along the DSC centerline.

The criticality analysis was done with the KENO-IV^2*' computer code.
The code and the methodology of using it were benchmarked against
several published criticality experiments. The results-of this analysis
was to show that under all conditions, (including 3.5% " ° U fresh fuel),
the k_f* of the DSC filled with seven PWR fuel assemblies was below 0.95
at a 9bi confidence level.
SUMMARY
The NUHOMS system is a passive storage installation that provides safe,
economic, dry storage of irradiated fuel assemblies. The unique
features of the HSM and the DSC provide structural integrity, effective
heat transfer and radiation protection for normal operation and
conceivable accidents. The DSC and HSM were designed by analyses to
meet all applicable codes under a variety of normal and accident
conditions. The analyses show that under no circumstances will the use
of the NUHOMS system pose a significant health and safety risk. Due to
the modular design of the HSMs and DSCs and the use of low cost
materials (concrete) the NUHOMS system is very cost competitive with
other storage options. Also, because the fuel is canistered at the
reactor site the system can be designed to be compatible with future
shipping and repository requirements. Furthermore, the system is
totally passive, requiring no instrumentation, electric power or active
monitoring devices in the DSC or HSM.
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ROBATEL RS 24 PACKAGING
by N. Robatel and C. Bochard
Robatel SLPI, Genas, France
I-NTRODUCTION
ROBATEL SLPI, through its Nuclear Equipment Department, has devoted
twenty years of efforts to the study and manufacture of shielded
packagings for the transportation of radioactive materials.
Over 280 type B packagings, weighing more than 1,600 metric tons, have
thus been delivered, 85 of them being used for spent fuel transportation.
The techniques developed by our Company during these 20 years are
patented in USA and have been presented at four "International Symposium
on Packaging and Transportation of Radioactive Materials" (PATRAM).
Our experience lead us to design a range of packagings called ROBATEL
RS 24, for the dry storage and transportation of LWR fuel assemblies,
with a capacity of 24 PWR elements. The concept of this packaging is
quite standard and experienced.
BASIC DESIGN
Our concept is based on the five options described hereafter :
1/ A strength frame made of carbon steel sheets, with the production
and transformation rules established for pressure vessels by the
ASME code.
The characteristics of these materials can easily be controlled,
especially their resistance to shocks at low temperature and their
fitness for welding. That is the reason why we have chosen a
boilerworked structure rather than a plain forged steel or modular
cast iron unit.
2/ A gamma ray shielding ensured by lead, a speciality of our firm.
Lead has the advantage to be chemically very stable and does not
present any risk of fragile rupture.
3/ A neutron shielding ensured by an aluminous concrete, shielding
material well known in the nuclear industry, experienced as a
solid protection part of the packaging.
4/ A unique thermal protection of the gamma shielding against fire
under accidental conditions. As an example, for our RS 24 packaging
the lead temperature will not rise over 220° C after a 60 m fire
at 1,000° C. Moreover, after a fire, the thermal evacuation of the
power dissipated by the fuel elements is still ensured, contrary
to packagings equipped with a liquid neutron shielding. There is
thus no need for an immediate intervention.
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5/ A thermal transfer to the atmosphere, by natural convection,
through cooling studs. According to the power to be evacuated,
the thermal capacity is increased by cooling studs welded on the
cylindrical outer wall. This lay-out is independent from the
orientation of the packaging : the thermal transfer is therefore
ensured as well in vertical position as in horizontal position.
If necessary and in order to avoid the contamination of the studs
during the loading in pool, the packaging body can be protected
before immersion with a stainless steel skirt which creates a
tight barrier between the studs and the pool contaminated water.
The concept of this packaging answers the storage mandatory requirements
as well as the radioactive materials transportation rules. In the latter
case, the packaging body is completed at both ends with two shockabsorber hoods.
CASK DESIGN
1. Generalities
The packaging body is cylindrical ; it consists in two concentric
vessels, each made of a shell and a flat bottom, between which are
located the biological and thermal shieldings of the lateral wall
and the bottom. The external shell bears the heat removal and
handling devices. Both vessels are linked at their upper part, to
a solid flange and thus form the shielding containment.
2. Biological shieldings
The biological shieldings ensure the protection against gamma and
neutron radiations.
The first one is made of refined mild lead. The lead is set after
fusion, by casting, around the central shell. The lead shrinkage,
controlled by the casting procedure, ensures an excellent thermal
and mechanical contact with the steel shell.
The second one is made of ROBATEL SLPI borated patented concrete :
- alumina cement
- standard colemanite that provides the boron quantity necessary
to the capture of thermal neutrons
The biological shielding of the top is ensured by steel lids and
thermal cover filled with borated concrete.
3. Thermal aspect
The packaging is designed to ensure the removal of the thermal
power of the assemblies.
The thermal shielding is very thick and the packaging can resist
to more severe fire conditions than regulatory ones.
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The shielding is ensured, in this concept, by the borated concrete
which has the property to absorb a large quantity of power during
the dehydration caused by a fire.
In normal conditions, the heat transfer occurs from the internal part
of the packaging towards the ambient atmosphere. The transfer
between the internal and external walls of the body takes place by
conduction in the thickness of shieldings. The removal is ensured by
the air convection on the external wall or on carbon steel studs
welded on the external wall.
Lead and steel, though not being excellent conductors, conduct heat
naturally. It is not the case for the neutron shielding. In order to
facilitate the transfer, high conductivity copper fins are embedded
in this shielding. This concept has been presented at the PATRAM
OF Miami in 1974. (1)
The thermal shielding of the upper side is ensured by a stainless
steel removable thermal cover also filled with borated concrete.
4. Containment
The internal shell of the packaging is closed by the main steel lid.
This lid is rigidly locked with 36 screws M 48 X 4. The internal
shell, the end flange, the main lid and its gaskets compose the
containment of the packaging according to the regulations.
There is no pipe outside this shell. Only the lid is equipped with
control holes, i.e :
- a drain- cavity hole and a vent hole, diameter 50 mm minimum.
Both holes are closed, for shielding purpose, by steel plugs, and
for tightness purpose, by stoppers equipped with gaskets. With a
mere contact, the drain hole is linked to a pipe connection
interlocked with the basket that extends down to the bottom of the
cavity. After loading, the cavity is emptied, then vacuum dried
and filled with helium.
- a sampling hole equipped with a self-closing coupling and doubled
by a stopper similar to the above mentioned ones.
The main lid and each stopper are equipped with metallic doublegaskets and with holes for tightness control of the space between
gaskets. The latter are closed with plugs also equipped with metallic
gaskets. A supplementary gasket seat allows the tightness control of
these plugs by means, for example, of a vaccum bell-jar. The
containment function is then ensured by metallic double-gaskets.
The main lid is supplemented itself by a steel security lid.
This lid includes three holes :
- a sampling hole similar to the main lid one
- a transducer pressure control hole between both lids
- an access hole to the sampling stopper of the main lid.
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This hole is in principle closed with a stopper equipped with
gaskets and fixed by 12 screws CHC M 16. The security lid is also
equipped with metallic gaskets and control holes.
5. Basket
Inside the containment vessel, the basket has three main functions :
- it maintains mechanically the fuel assemblies placed in its
compartments,
- it ensures the neutron poisoning of loading relative to the
criticality risks (especially during the loading operations)
- it ensures the thermal transmission between each compartment and
the internal wall of the packaging.
Furthermore, the basket supports the pipes that allow to drain the
packaging cavity by air introduction, using the holes of the main
lid.
6. Coatings
The internal and external surfaces of the packaging body and lids
are protected against corrosion.
The whole internal wall of the packaging, from the lower part of
the compartment of the main lid down to the bottom, is coated with
a "skin" in austenitic stainless steel.
The upper flange and both lids are coated with an aluminum layer of
0.20 mm thick by metal spraying.
The external part of the packaging is coated by metal spraying either
with an aluminum layer of 0.20 mm thick or with a zinc layer of
0.12 mm thick.
This external protection is completed by a paint coating.
7. Manufacture and inspection
Design, choice of materials, manufacture, inspection are carried out
in conformity with the ASME code :
Section III : Sub-section NE : basic document
Section II : Part A : Ferrous materials
Part C : Welding Rods, Electrodes and Filler Metals
Section IX : Welding and Brazing Qualifications
Section V : Non Destructive Examination
All the activities are controlled in conformity with a Quality
Assurance Programme. (2)
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CASK DESCRIPTION
Their concept allows an adequate application to each specific problem
adapted to the following characteristics :
- transportation, storage
- type of assembly (PWR, BWR)
- activity
We have recently designed two models of packagings :
RS 24.1 : Packaging for the transportation and storage of 24 PWR
assemblies after 4 years of cooling (figure 1)
RS 24.2 : Packaging for the storage of 24 PWR assemblies after
10 years of cooling .
Their main features are

RS 24.1

RS 24.2

mm
mm

5148
2730

5143
2484

kg
kg

15 984
116 750

18 311
97 211

0, 09

0, 09

Dimensions :
- length
- diameter
Masses :
- assemblies
- total of storage package
Nominal pressure (absolute)
of helium

MPa

Thermal capacity

kW

Temperatures with
sun exposure :
- accessible surfaces
- internal stell
- The warmest rod

°C
°C
°C
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28, 8

92
118
300

14, 4

114
130
240

Fig 1 : RS 24.1 Packaging
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DRY STORAGE CASK - OIORIT
- SWISS EXPERIENCE Dr. C. Ospina
Swiss Federal Institute for Reactor Research-EIR
CH - Wiirenlingen, Switzerland
Abstract
The research and applied development in Spent Fuel Intermediate
Storage at EIR dates back to
1979, when studies were conducted
on different storage techniques. A complete project on dry storage was carried out using spent fuel from
the decommissioned
DIORIT reactor at EIR. The studies concluded that transport and dry
storage casks feature: passive operation, inherent safety, proven
economics, transport readiness, •» sy decommissioning and flexible
utilisation.
A new approach that uses wet-dry-dry loading technology has been
succesfully demonstrated, including remote viewing and loading control. The experience gained allowed for comprehensive expeditious
licensing, including transport and storage permissions.
A measurements campaign of more than two years has been made on
the loaded cask, confirming: heat transfer , shielding, leaktightness
and fuel behavior-, in May 1985 the cask was transported from the
reactor DIORIT to a new Away From Reactor-AFR-storage facility in our
premises, which by the way is the first of its kind in operation and
licensed.
In spite of the rather complex situation with the DIORIT spent
fuel and the extreme limitations in the reactor handling and loading
facilities, the complete project was achieved in only 22 months-,
accounting for two years of monitoring and measurements, the whole
project took only 3.8 years. This shows the high degree of maturity
achieved in spent fuel dry storage in transport cask, and reflects
the high degree of technology innovation that has been demonstrated
and which can be transfered as required.
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1. PLANNING ALTERNATIVE STORAGE SYSTEMS
The EIR reactor DIORIT was a heavy water research reactor,
with a nominal power of 30 MW^h and served during 17 years until
1977 when it was shut down for final decommissioning (1).
A fuel assembly was made so that four fuel rods were accommodated
into a cooling calandria-tube-, of the total 350 remaining fuel assemblies 60% used 2.2% U-235 enriched uranium and the rest used natural uranium; the peak burn-up was about 17'700 MWd/ MTU and the maximum power achieved was about 116 kW per fuel rod.
Basically the storage of the fuel in water pools was planned and
used under the assumption that the fuel would be reprocessed shortly
after cooling down-, nevertheless this policy was affected by different reasons and the fuel remained in the pools.
The reactor DIORIT was being decommissioned and meanwhile the water
pools, that require active systems and other reactor facilities had
to be keot in service in order to allow the storage of the spent fuel;
the decommissioning work requires access to the pools; therefore the
spent fuel needed to be stored elsewhere.
In order to assess alternative storage systems to water pools,
comprehensive studies were conducted (1,2,3) on different dry storage
concepts such as: vauHs, concrete canisters, dry wells, silos,
transport casks etc, and having as target a concept that would comply with such design features as:
-

passive operation
inherent safety
proven economics
fuel handling and transport readiness
minimum radwaste production during operation
easy decommissioning with minimum radwaste production
flexible use
advanced and proven licensing status
advanced demonstration status

The studies included also specific design problems that arise
when planning for long-term intermediate storage and such as:
-

maximum insertion fuel cladding temperature
fuel storage configuration and criticality conditions
fuel cladding oxidation and storage atmosphere
biological shielding and radiological protection
storage facility requirements
instrumentation and control
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- monitoring and protection
- safeguards compliance
Most of these design problems have been solved for various dry
storage concepts (3,4), especially in the case of transport and dry
storage casks, concrete canisters, some dry storage vaults, etc.
After examining in-depth these problems, including the compliance with
the design targets as mentioned, it appeared that the transport/storage cask was the best compromise for our purposes and therefore
we ordered such a cask for the DIORIT spent fuel storage.
A preliminary planning phase included a detailed analysis of various cask types in order to optimize the cask size and total cost,
while maximizing its payload capacity as a function of the following parameters:
-

fuel
fuel
cask
cask
cask
cask

length
assembly grouping
inner volume
payload
size
total weight

Once the optimum storage cask type was determined and the spent
fuel analysis showed the feasibility of fuel management tenders
were issued, including system software, engineering, transport, etc. (4)
After extensive preparatory work,including water pool handling
equipment (for fuel consolidation and transfer), reactor-hall handling equipment and protection systems (for dry loading), a definitive
project was organized which included (5):
-

fuel consolidation equipment
wet-dry fuel transfer system
dry loading mobile cell
filter systems
remote viewing systems
loading place for the cask
cask production programme
storage site facility for cask
preparatory discussions and topical safety analysis
reports for the cask, the loading facilities as well
as for the storage site

The safety analysis report for the CASTOR-DIORIT Cask was made in
order to fulfill the requirements of the Institute Nuclear Safety
Commission, the National Nuclear Safety Regulatory Commission (HSK)
and various other authorities.
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The safety analysis report was prepared on a standard basis, while beinq
adapted to show the specific characteristics of the DIORIT fuel,
including such topics as:
-

cask closure systems and leak tightness
heat transfer and max. fuel temperature
criticality analysis
fuel behaviour analysis incl. corrosion
shielding and radiation limits on the cask wall
cask quality control and assurance programme
cask handling with mobile crane & air cushions
storage site supply systems
protection against internal hazards (fire, explosions,
mechanical impacts, water intake)
- protection against external impacts (fire, aircraft
crash, flooding, earth-quake, chemical explosions,
lightning, sabotage)
2. NUCLEAR LICENSING
The licensing of the CASTOR-DIORIT Cask was made in accordance
with the Swiss Atomic Federal Law and regulations (6) as follows:
- submission to the Nuclear Safety Regulatory Commission (HSK) of the cask safety analysis report,
and the loading concept report
- the HSK proved the documents in order to check the
storage capability of the cask as well as the validation of the type B(U) certificate as aproved by
the nuclear regulatory authorities of the country
of origin of the cask (FRG)
- the HSK experts went to the Swiss Federal Office
of Energy (BEW), which finally aproved them
- EIR was granted by the BEW
permission for interim dry storage of the cask and the HSK granted the
validation of the type B(U) transport certificate
for the cask.
The validation of the type B(U) certificate follows the IAEA
Regulations for the safe transport of Radioactive Materials(7).
On the other hand the storage capability of the cask was proved
in accordance with the Swiss Atomic Federal Law and the specific
radiation protection regulations for nuclear instalations as well
as the guidelines for nuclear plants.
The nuclear licensing of the cask took about 1 year and included
also the special wet-dry-dry loading facilities and procedures. After
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a period of two years of cask monitoring, permission for awayfrom-reactor -AFR- storage of the cask was granted to EIR.
The licensing process was relatively smooth and efficiently done,
nevertheless various topics required extensive detailed discussions
which proved to be quite constructive; other minor discussions took
place in the frame of technology information exchange between the project management, the nuclear safety and regulatory authorities and
the cask producer.
Therefore, we regard the nuclear licensing
of dry storage in cask as a solved problem,especially when recalling
the degree of difficulty that was faced in the case of the DIORIT
spent fuel (8).
In respect to the intermediate storage facility licensing, it can
be noticed that this has been fully licensed for away-from-reactor
(AFR) conditions, while demonstrating that a relatively simple storage construction is sufficient to comply with actual safety regulations on nuclear installations.
3. OPERATIONAL EXPERIENCE
A measurements and monitoring campaign was started after commissioning of the cask in May 1983-, for this purpose thermocouples were installed along two axes of the cask outer wall; a pressure gauge allows
a continous passive monitoring of the two closure lids and corresponding seals; a periodic dose measurements control (gamma and neutrons)
is also done;and gas has been purged in order to check its composition.
After more than two years of monitoring and measurements (9,10),
a complete normal1 operation of the cask shows that its design, construction and operational systems have been confirmed and even surpassed.
The thermocouples on the cask outer surface show a temperature
range of 30 to 35°C; this is due to the good natural heat convection
on the cask, but also to the fact that the fuel has undergone precooling of about six years.
The radiological outer measurements show that the maximum or
neutron dose does not exceed 3.5 mrem/h; before loading, the fuel went
through two years of Inspection and no leaks were detected. The cask
dose measurements corroborate Its large shielding margins, and also the
potential for further design refinement, e.g., to store older spent fuel
(lower temperatures and doses) 1n casks with thinner walls.
The experience gained at the away-from-reactor facility, shows no
differences in respect to the previous at-reactor-storage location; the
only difference is that the cask lies down and therefore the temperature distribution is a bit higher on the outer wall of the cask
and thelid#due to the smaller natural air circulation effect on the
cask in this new position.
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In respect to cask transport, the handling occurred 1n Hay 1985, when
the cask was displaced from the reactor DIORIT to the new AFR facility.
The transport distance was relatively short. The complete operation lasted
about 16 hours due to the relative complicated handling at-reactor, requiring
an air-cushion mobile-crane and special truck systems. (11) For a normal
reactor, handling conditions are far better and easier to work; therefore,
the handling and transport of the cask can be considered as a routine task.
Even at older nuclear power reactors where some handling constraints might
exist, the experience gained with the DIORIT cask shows that practically
all kinds of problems can be solved in this context.
4. CONCLUSIONS
The dry storage expedience of the DIORIT spent fuel, can be summarized as that of a project characterised by a wide scope of various
technical achievements such as:
- dry storage of consolidated fuel with a 1-5 reduction
in volume
- wet-dry transfer of spent fuel and dry loading in the
storage cask by using a specially designed dry-loading
mobile cell
- licensing of a commercial cask outside the country of
origin
- indirect loading control of a dry storage cask by using
fiberglass-optic and video-techniques
- complete cold test in 10 days
- fuel loading, including wet-dry and dry loadings in 12
days
- intermediate dry cask storage at an away from reactor
-AFR-facility
In spite of the rather complex situation with the DIORIT spent
fuel and the limited reactor systems available, the complete project
was achieved in only 22 months; accounting for two years of monitoring and measurements, it means that the whole project including
planning up to the commissioninn of the away-frotn-reactor
-AFR-facility took 3.8 years. This shows the high degree of maturity
achieved in dry storage cask technology but also reflects the wide
degree of innovative technologies that have been successfully demonstrated, which can be transfered anywhere as required.
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Cask Storage of MOX Spent Fuels
Hiroraitsu Kaneko, Yasumasa Tanaka, Hiroyuki Tanuma
Power Reactor and Nuclear Fuel Devlopment Corporation (PNC)
Japan

The Power Reactor and Nuclear Fuel Development Corporation (PNC) is
promoting the development of fast breeder reactors (FBRs) and heavy
water reactors (HWRs) in Japan. The experimental fast reactor Joyo
achieved
criticality in 1977 and is operating as an irradiation
bed for fuels and materials. The prototype FBR Monju is now under
construction aiming at achieving its criticality in 1992. The prototype HWR Fugen is now operating after its criticality was achieved in
1978. In addition, PNC is contributing to the development of a
demonstration FBR and HWR which are planned by utilities.
Also, PNC has been engaged in research and development projects for
the entire nuclear fuel cycle. They include the exploration, mining
and refining of uranium resources, the development of uranium enrichment, the development and fabrication of plutonium-uranium mixed
oxide (MOX) fuels, the development of reprocessing technologies for
spent fuels, and the establishment of disposal technologies for
radioactive wastes.
Since Japan has scarce energy resources and depends on other: countries for most of its energy, it is a very important problem to
secure nuclear energy resources. To solve this problem, independent
nuclear fuel cycles must be established in Japan. Reprocessing plant
for spent fuel is an important component of nuclear fuel cycles. The
reprocessing plant built by PNC at Tokai-mura is important as the
first step for the establishment of an independent nuclear fuel
cycle. It reprocessed 78 tons of LWR spent fuels last year. In
total, 252 tons of the fuels have been reprocessed since its start
of operation.
Making most use of these experiences, Japanese industrial circles are
planning to construct a commercial reprocessing plant (800 T/Y) with
a spent fuel storage capacity of 3,000 tons in Shimokita Peninsula.
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Storage facilities for spent fuels at reactor sites, Tokai Reprocessing Plant and commercial reprocessing plantsare all of water pool
types. Wet storage is still principal method in Japan for storing
spent fuels from LWRs as well as FBRs and HWRs.
However, dry storage, especially metal cask storage, is now beginning
to draw attention. This is because it has such attractive features
as low capital and maintenance cost and flexibility to increase
capacity whenever needed. The cask storage can be used* for various
types of spent fuels not only for fuels from LWRs but also for MOX
fuels from FBRs and HWRs. PNC is studying its applicability to MOX
spent fuels from FBRs and HWRs. Actually, it is not yet in a stage
to determine the specifications of casks. For example, whether to
use cast iron or stainless steel for its structural material is now
studied under comparison.
The cask storage has various advantages. The cask can be used both
for storage and transportation. It has no need to reload at the
storage site. It is cooled by natural ventilation. If electric
ventilator is used, it will need costly maintenance work. The cask
is safely protected by itself.
As MOX spent fuels em.rt more neutrons than U 0 2 spent fuels, evaluation of skyshine radiation caused by neutrons is important and the
shielding from neutrons should be ensured by the cask and storage
facility.
In Japan, it is difficult to lay loaded casks on open ground in view
of skyshine radiation as well as public acceptance. Actually, it is
not economical to manufacture casks with enough shielding capability
to keep radiation level allowed at site boundary, which should be
observed by Japanese regulations and IAEA Safety Standards: Safety
Series No. 6 "Regulations for the Safe Transport of Radioactive
Material". Storage facility should perform the role of final
shielding. Taking the skyshine radiation into account, trench type
cask storage facility is considered as one of the promising methods.
This facility is superior under the earthquake condition and economical because no overhead crane or wagon is needed.
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LWR SPENT FUEL ROD BEHAVIOR DURING
LONG-TERM DRY FUEL STORAGE CONDITIONS
C.S. Olsen
Idaho National Engineering Laboratory
Idaho Falls, Idaho 83415 U.S.A
ABSTRACT
A testing program was conducted to investigate the long-term
stability of commercial PWR and BWR spent fuel rods under a variety of
possible dry storage conditions. The objective of this project was to
provide the NRC with an experimental basis to evaluate the results of
short-term, high-temperature tests and to establish a licensing
position for long-term, low-temperature (<250°C) spent fuel rod
storage. A total of nine fuel rods (five BWR and four PWR design)
have been nondestructively examined after interim heating periods, and
seven of these fuel rods have been destructively examined to determine
the degradation of the fuel rods during the long-term, low-temperature
dry fuel storage. The results of the nondestructive examinations of
all nine fuel rods and the destructive examination of one fuel rod
have been reported previously. This report presents detailed results
of the destructive examinations of six of the remaining fuel rods with
a brief description of the examinations of all the test fuel rods as
they pertain to the fuel rod behavior during ury spent fuel storage
conditions. The results from this program show that U30g, with
its significant volume expansion, can still form at temperatures
below 25O°C and result in fuel rod rupture.
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INTRODUCTION
The regulation1 under which a dry storage license would be
granted, "10 CFR 72, requires that fuel cladding must be protected
against degradation and gross rupture and that releases to the
environment shall be within acceptable limits. These regulations
apply to independent spent fuel storage installations, but the Nuclear
Waste Policy Act of 1982 requires revision to 1OCFR72 for spent fuel
and high-level radioactive waste storage in a monitored retrievable
storage (MRS) installation.2 These revisions are to establish
license criteria and include license requirements for the long-term
storage of spent fuel and high-level radioactive waste in an MRS
installation.
In an unlimited air atmosphere, oxidation of UO2 may occur with
a concurrent volume expansion and rupture of the cladding. The
contamination potential may be enhanced by (a) oxidation of the fuel
along the grain boundaries, which would release fission gas,
(b) fallout of fuel participate from the rupture, and (c) spallation
of the crud from stresses imposed on the cladding by fuel expansion.
Similar behavior, although at different rates, may occur with other
atmospheres containing impurities such as an inert atmosphere with air
or some other oxidant. Estimates have been made of maximum storage
temperatures expected^ but information is needed to assess a
satisfactory storage temperature with regards to defected rods in an
oxidizing environment.
A long-term testing program with nine PWR and BWR commercial
design fuel rods was conducted at the Idaho National Engineering
Laboratory (INEL). 4 " 9 Four intact spent fuel rods (two PWR and two
BWR) and five intentionally defected spent fuel rods (two PWR and
three BWR) were heated in a furnace to simulate temperatures that
would be expected to occur during dry storage conditions. Furnace
simulation was required because of the long cooling period of about
10 years for these fuel rods. Six of the fuel rods were selected for
a destructive examination J O This paper emphasizes the results of
these destructive examinations.
The BWR fuel rods were obtained from Peach Bottom Assembly
PH462. The burnup of each assembly has not been precisely determined,
but the reported average assembly burnups varied between
11,900 MWd/MTU and 12,890 MWd/MTU. The PWR fuel rods were obtained
from the H.B. Robinson Assembly B05. The peak burnup was
31,365 MWd/MTM, and the average burnup was 28,025 MWd/MTU.
DESCRIPTION OF WORK
Four rods (two PWR and two BWR) each containing intentional
defects in the form of 0.76-mm diameter holes at different
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orientations and axial positions were contained in 1.75-cm ID
stainless steel capsules each of which was maintained in its own
atmosphere (Table 1). One intentionally defected rod of each type was
stored in an atmosphere of 0.1 VP& of an argon-1% helium mixture. The
other two defected rods were placed in capsules which terminated at
each end with a series of 2-jin and 15-jjn in-line filters open to
the cell atmosphere. These filter sizes were based on fuel particle
sizes expected to be released from ruptured fuel rodsJ 1 The intact
rods were handled in a similar fashion. One intact rod of each type
was placed in a sealed capsule containing 0.1 VPa of an argon-1%
helium mixture, and one intact rod of each type was placed in a
capsule containing air-1% helium 7mixture.
The leak rate on the sealed
capsules was less than 2.5 x 10~ cm 3 /s.
TABLE I
FUEL ROD STORAGE CONDITIONS
Assembly and
Rod Number

Capsule a
Atmosphere

Fuel Rod
Conditior

PWR

BO5-G7

Ar/1%-He

defected
(2 holes)

PWR

BO5-E7

Air

defected
(2 holes)

PUR

B05-08

Ar/1%-He

Intact

PWR

B05-B8

Air/I%-He

Intact

BWR

PH462-D6

Ar/1%-He

defected
(2 holes)

BUR

PH462-E4

Air/1%-He

Intact

BWR

PH462-E5

Ar/1%-He

Intact

BWR

PH462-C5b

Air

defected
(3 holes)

Reactor
Type

a. Capsule atmosphere is at 0.1 MPa.
b. After the 2nd furnace campaign, this rod replaced PH462-E3. PWR
is the H.B. Robinson fuel. BWR is the Peach Bottom fuel.
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The fuel rods were heated in a shielded, 14-zone, 4.3-m long
clamshell furnace capable of holding the eight encapsulated,
unmodified LWR fuel rods. The fuel rod capsules were placed around an
instrument train which contained 10 axially distributed thermocouples,
and furnace-control thermocouples indicated a ±3°C radial
temperature gradient, with the center of the furnace being the
hottest. Other than for power outages, the furnace ran continuously
until the interim examinations. The furnace was operated at 229°C for
5962 h, and then gradually decreased to 217°C during the next 7206 h.
Peach Bottom rod PH462-E3 was removed from the furnace after
5962 h at 229°C. This rod was replaced with PH462-C5 which was heated
for 7206 h at temperatures decreasing from 229 to 217°C. The
remaining seven rods were heated for 13,168 h; 5962 h at 229°C and
7206 h from 229 to 217°C. The fuel rod capsules were removed from the
furnace on July 13, 1984.
Sections of the fuel rods were examined metallographically to
determine the penetration of the defects through the cladding, the
extent of oxidation, and the relation of the defects to the
pellet/pellet interfaces. Cladding microhardness measurements were
also obtained from selected fuel rod samples. Fuel samples taken from
selected samples and selected locations in the samples were analyzed
by X-ray diffraction techniques to determine the oxidation state of
the fuel. Pieces of fuel were extracted from one intact BWR and one
intact PWR fuel rod in order to determine the fuel density after
irradiation by the immersion density measurements.'^ Detailed
examinations were described in a previous publication.^
RESULTS
The oxidation of fuel in both the BWR and PWR fuel rods was
extensive, but with PWR fuel, the oxidation rate was slower and
occurred over large distances from the defect location (at least 65 cm
from the defect), and with BWR fuel the oxidation was more localized
within 8 to 10 cm of the defect. Similar results of localized
oxidation were obtained by Kohli 13 from storage tests with a BWR
fuel rod. The cause of the enhanced gas transport in the PWR fuel
rods could not be ascertained. Gas transport studies in PWR f u e l ^
indicate that fuel cracks contribute to the gas transport. The fuel
cracks provide a more tortuous path but evidently gas transport is not
inhibited. Unfortunately, no gas transport studies have been made
with the BWR fuel rods.
Both the BWR and PWR fuel rods had finite leak rates which
permitted air to enter the capsules, and the extent of oxidation in
those rods with an inert atmosphere was less than in those with
unlimited air because of the lower partial pressure of oxygen. The
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oxidation of the PWR fuel rods in unlimited air was not as extensive
as that in BWR fuel rods, and the difference may be due to burnup.
Fission gas release, observed after the second and third
nondestructive examinations in the BWR fuel rod heated in an inert
atmosphere, probably occurred as a result of oxidation in the grain
boundaries releasing fission gas contained in the pores. The open
porosity in the BWR fuel rod would provide channels for the release of
fission gas to the plenum as the oxidation progressed along the grain
boundaries.
Of the two BWR fuel rods that ruptured at defects, the ruptures
occurred at the extreme ends of the rods rather than in the center.
Although the statistics are limited from the small number of rods with
defects, the results from these two BWR fuel rods suggest that the
location of the defects with respect to the ends of the fuel rods
(within about 30 cm) may be more important than the location of the
defects with respect to pellet/pellet interfaces. This hypothesis is
supported by the results of testing a BWR fuel rod in air.'^ The
location of the defects at pellet/pellet interfaces was thought to be
important in the fuel rod behavior,* but this hypothesis does not
appear to be supported by the test results. Also the unrestricted air
transport in PWR fuel rods and the same extent of oxidation at defects
located at pel let/pel let interfaces as at defects located away from
interfaces in both PWR and BWR fuel rods do not appear to give
relevance to the defects located at pellet/pellet interfaces.
The volume expansion arising from the formation of U3O3 from
UO? is 36.4%. For a right circular cylinder and isotropic expansion,
the maximum radial expansion is 12.1%. The measured radial expansion
of rods PH462-E3 and PH462-C5 was about 17%; much more than the
maximum amount expected. Either the volume expansion is not isctropic
and more expansion is occurring in the radial direction or volume
expansion for U3O3 is not known accurately. Expansion of these
rods was constrained by the capsules and limited to 17 to 18%. This
constraint may have also limited the crack growth in these fuel rods.
Fuel rod rupture resulting from the oxidation of UO2 to form
lower density U3O8 is a degradation mechanism of concern at the
temperatures that are possible in dry storage. As oxygen initially
diffuses into the UO2, the oxygen occupies interstitial positions
with a small lattice expansion from the cubic to tetragonal structure
with the formation of U3O7. The oxygen transport occurs along the
grain boundaries as evidenced by delineation of the grain boundaries
in BWR fuel rods at low extents of oxidation. The volume expansion
from the formation of U3O3 induces such a high stress on each
grain, that the grains are popped out of the fuel pellet if they are
not constrained by the cladding.15 Although the PWR fuel was
oxidized, the fuel pull-out was not as extensive as in the BWR fuel.
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The fuel was still attacked at the grain boundaries in the PWR fuel,
but the attack does not become apparent until the fuel is etched.
The fuel cracking effectively breaks the pellets into smaller
fragments, which then oxidize individually. Although the fuel
cracking characteristics in BWR fuel rods apparently does not allow
extensive axial migration of air, a similar mechanism may operate on a
localized level to accelerate the oxidation toward the center of the
fuel pellets.
After the U3O7 is formed, the rate of weight gain increases
due to the increased oxygen/uranium ratio. This process has been
described as a twr phase oxidation in which the accelerated oxidation
occurs after an induction period for the formation of U3O7 and a
post induction phase involving the formation of U3O0. The
induction period has been characterized with unirradiated materials as
tne formation of powder when U^Og is formed. The induction period
for irradiated fuel has not been completely verified, but preliminary
results indicate that it is shorter than the induction period for
nonirradiated fuel.
The density changes indicate that parabolic kinetics may be more
appropriate than linear kinetics or other mechanisms. The densities
(based on theoretical density) increased from 10.96 g/cc for UO2
to 11.4 g/cc for U3O7. These densities result in a slight volume
decrease of 2% and a Pilling-Bedworth ratio of 0.98. As more oxygen
is added to the fuel, UgOg forms with a Pilling-Bedworth ratio
of 1.36 which would indicate a tenacious U3O8 film on the U3O7
and parabolic kinetics. When kinetic data are obtained for a short
period of time, and extrapolation is required for long-term effects,
it is mandatory to know the kinetic models are correct for the period
of time to be extrapolated.
A number of different kinetic models for the oxidation of UOp
have been proposed but none of them satisfactorily fit the oxidation
data partly because the oxidation measurements were not appropriately
normalized for surface area. 16 " 18 The kinetic models based on the
appropriate kinetic mechanisms and changes in surface area and
verified for long periods of time relevant to dry storage will be
required to properly evaluate dry storage of nuclear fuel.
The metallography of both PUR and BWR fuel indicates that the
initial oxidation occurs with individual fuel fragments, and the
oxidation then proceeds along the grain boundaries with the formation
of U^Og or U3O7 At this point, the surface area to be
considered is that involved with the grains and not the fuel fragment
so that a model based upon changing surface area is involved with the
process. In addition, depending upon fragment size, twc kinetic
processes may be going on simultaneously: the oxidation of UO^
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to U3O7 and the oxidation of U3O7 to ihOs* Weight change
measurements by themselves are not conducive to resolving the
oxidation mechanisms, but rate measurements in terms of weight gain
per area based on the particle area or grain boundary area need to be
done in order to obtain rate data amenable to analysis. An
alternative manner is to measure the data in terms of fraction
reacted, but this alternative requires an assumption as to the product
formed. The analysis can then proceed accounting for the initial
particle size. By measuring the kinetics in an appropriate manner,
multiple kinetic processes may be identified and the so-called
"induction periods" may be resolved.
For the relative short-time (13,000 hours) at temperature, there
has been no observable deterioration in the fuel rods from creep
rupture or stress corrosion cracking (SCC).
The oxidation rate is limited by the partial pressure of oxygen
in the capsule. The extent of oxidation was not sufficient after the
13,000-hour heating cycle to form UgOg or in sufficient quantities
with its accompanying expansion to rupture fuel rods. The fuel was
oxidized to UAOQ or perhaps U3O7 with some U3O8. Nor did
the storage of PWR fuel rods in unlimited air at 229°C result in fuel
rod rupture.
Even though fuel rods may be stored in an inert atmosphere, cask
penetrations will provide leakage paths for air to enter the casks.
If the inert gas is not periodically replenished, the oxygen can build
up in the cask and oxidize fuel in defected rods. The current tests
show that the oxidation rate is less than the rate of leakage, but the
oxidation rate would increase with the increase in partial pressure of
oxygen as it accumulated.
In both the PWR and BWR fuel rods, oxidation paths were along the
gas gap and cracks in the fuel so that the pellets were oxidized by
oxidation of the individual pellet fragments. This process enhances
the oxidation of the fuel stack over what would be expected from rates
determined from out-of-pile tests on fuel fragments and applied to
intact fuel pellets. As the fragments are oxidized, the attack is
along the grain boundaries, releasing fuel grains in the case of BWR
fuel.
The results from this program show that U3O8 with its
significant expansion characteristics can still form at temperatures
below 250°C and result in fuel rod rupture. Only U3O7 with its
low expansion characteristics
was expected to form at a specific
temperature below 250<>C from which a conservative licensing position
could be developed. However, a specific temperature could not be
determined for establishing a licensing position. Further studies are
required with irradiated BWR and PWR fuels to determine the oxidation
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kinetics and mechanisms at temperatures below 250°C for long time
periods simulating dry spent fuel storage conditions. These tests
have been particularly useful in providing data with defective fuel
rods in an air atmosphere, but the test times were too short and the
irradiated fuel rods were perhaps too old to provide much information
on potential failure of intact fuel rods during long storage times.
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COMPARISON OF THF QXTDATTQN BEHAVTOR OF BNLr CRNL, AND PNL UQg PELLETS
6. D. White and E. R. Gilbert
Pacific Northwest Laboratory*
Richland, Washington 99352 U.S.A.
ABSTRACT
To develop a better understanding of mechanisms for oxidation and to
help establish temperature limits and criteria for dry storage of spent
fuel, U0 2 pellets from the Berkeley Nuclear Laboratory (BNL), the Chalk
River Nuclear Laboratories (CRNL), and the Pacific Northwest Laboratory
(PNL), were tested 1n common ovens at 220 and 200 C. These tests were
needed to correlate oxidation behavior with pellet character. The weight
gain behavior was correlated with differences 1n grain size of the pellets.
The time for U3O3 powder formation was longest for the high density, large
grained BNL pellets.

* Operated for the U.S. Department of Energy by Battelle Memorial Instityte
under Contract DE-AC06-76RL0 1830.
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COMPARISON OF THE OXIDATION BEHAVIOR OF BNL, CRNL, AND PNL UQ^ PELLETS
G. D. White and E. R. Gilbert
Pacific Northwest Laboratory
Richiand, Washington 99352
SUMMARY
Air oxidation tests were performed on nonirradiated UOo pellets at
220 and 200 C to help establish criteria for dry storage of spent fuel.
Pellets from the Berkeley Nuclear Laboratory (BNL) and the Chalk River
Nuclear Laboratories (CRNL) were tested in common ovens with PWR pellets
manufactured at the Pacific Northwest Laboratory (PNL). Pellets were
given a hydrogen anneal prior to the oxidation tests. The pellet exchange
was developed to correlate oxidation behavior with pellet character.
Metallographic and immersion density measurements revealed that the
BNL pellets had the largest mean grain diameter and the highest density.
PNL pellets had the smallest mean grain diameter and the lowest density.
CRNL pellets had an Intermediate mean grain diameter and density values
similar to PNL pellets.
The weight gain versus time curves were correlated with grain diameter
and were highest for the PNL pellets and lowest for the BNL pellets. CRNL
weight gains were intermediate. The time for U^Og powder formation was
correlated with density. The time was longest for BNL high density pellets
and shortest for lower density PNL and CRNL pellets. The results demonstrate that the oxidation behavior is dependent on the pellet character.
INTRODUCTION
Experimental results from C R N L , ^ B N L , ^ and P N L ^ showed differences
in the oxidation behavior of nonirradiated pellets. Criteria for dry
storage of spent fuel must be based on a data base for the oxidation of
UO2 fuel that enables the effect of the different characteristics of fuel
to be understood. An exchange of pellets for oxidation testing was
initiated to determine the effect of pellet character on the differences
in experimental results.
DESCRIPTION OF EXPERIMENTS
Four U0 2 pellets obtained from the CRNL, BNL, and PNL oxidation test
programs were reduced in hydrogen at 1000 C for 2 h to bring the pellets
to an initial common state at the beginning of the oxidation tests. Photographs of typical pellets are shown in Figures 1, 2, and 3. Two pellets
from each source were tested at 200 C and two at 220 C. The test atmospheres were air controlled at 0 C dew point. The specimens were removed
from the ovens for periodic weighing and visual Inspection. Other experimental procedures were as reported in a previous publication/ '
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Immersion density of each pellet was measured prior to test startup,
and a pellet from each source was destructively examined for grain size and
microstructural evaluation.
To compensate for the effect of the differences in pellet size on
surface area for2react1on sites, the data were reduced Into a weight gain
parameter, rag/cm normalized to the pellet external surface area. This
parameter characterized the starting surface area only and was not modified
to account for any Internal surfaces or changes 1n surface area due to
pellet changes occurring during the oxidation test.
RESULTS AND DISCUSSION
The weight gain versus time curves are shown in Figures 4 and 5. The
weight gain data show a zero weight gain Intercept of approximately 200 h.
This amount of time may be due to Initial weight reduction associated
with pellet drying, since U0 2 pellets are
hydroscopic and usually contain
a small amount of reieasabie moisture.v ' The rates appear to be
approximately linear with some suggestion of accelerated weight gain rate
after 1600 h at 200°C and after U 3 0 8 powder formed I D CRNL and PNL pellets
at 1200 h at 220°C. U 3 0 8 powder did not form at 200°C prior to 1800 h.
The grain size of the three groups of pellets varied from an average
grain Intercept of 4.9 microns for PNL pellets, 9.8 microns for CRNL
pellets, to 22.6 microns for BNL pellets. Ceramographs of the three pellet
types are shown 1n Figures 6, 7, and 8. The oxidation rate was found to
vary Inversely with the grain size as shown 1n Figure 9. The dependence
of oxidation rate on Inverse grain Intercept 1s consistent with grain
boundaries providing the primary reaction surface.
The densities of the three groups of U0 2 pellets ranged from 96.0 to
96.7% theoretical for PNL and CRNL pellets and 98.1 to 98.6% theoretical
for the BNL pellets. The PNL and CRNL pellets began to form U3O0 powder
after 1200 hours at 220 C. No powder was observed even after 1800 hours
1n the BNL pellets at 220 C. A correlation for longer U 3 0 8 powder Induction
times with Increasing density has been observed.v '
CONCLUSIONS
The oxidation rates for nonirradiated U0 2 pellets at 200 and 220°C were
approximately linear prior to the onset of U30g powder formation.
Differences 1n oxidation rates between PNL, CRNL and BNL nonirradiated
U0 2 pellets were correlated with differences 1n grain size.
The BNL pellets showed the greatest resistance to U 3 0 8 powder formation
and the PNL and CRNL pellets showed the least resistance. The time for
U 3 0 8 powder formation was correlated with pellet density.
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FIGURE 1. Photograph of BNL U0 2 Pellets

FIGURE 2. Photograph of CRNL U0 2 Pellet
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FIGURE 3, Photograph of PNL U0 2 Pellet
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Figure 6. Micrograph of BNL Pellet

Figure 7. Micrograph of CRNL Pellet
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Figure 8. Micrograph of PNL Pellet
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SPENT FUEL OXIDATION TESTING UNDER SIMULATED DRY STORAGE CONDITIONS
C. A. Knox, T. K. Campbell, and E. R. Gilbert
Pacific Northwest Laboratory
Richland, Washington 99352
ABSTRACT
Design data is required to support licensing the dry storage of
spent fuel. This data includes the limiting time-temperature exposure
of the fuel without monitoring for cover gas inertness or for abnormal
events. To provide this data, the Pacific Northwest Laboratory is conducting spent fuel oxidation tests to determine the allowable temperatures for storage of spent fuel in air.
Earlier tests with nonirradiated UOg pellets have identified
variables that affected oxidation rates. These included moisture, surface condition, gamma radiation and fuel composition, as well as
temperature. This information was used to develop a test matrix for
hot-cell tests with spent fuel. Twelve ovens are being used to simultaneously evaluate different temperatures. Each oven contains twelve
spent fuel samples that have been removed from the cladding. These
samples represent a variety of fuel types with different burnups and
cooling histories. The fuels are from different reactors and both PWR
and BWR fuels are also included, Nonirradiated pellets are included for
comparison with previous results. Temperatures range from 135°C to
23n°C. A gamma source is located outside each oven to provide a lfr R/h
radiation field, which is typical of storage situations. The oven is
maintained under a controlled atmosphere with a known moisture
content. Periodically the cover gas is sampled and analyzed for
radiolysis products. At that time each specimen is weighed to monitor
the oxidation rate. In addition to the bare fuel samples, short rodlets
have been prepared. Each rodlet will be sealed with welded end caps and
a small cladding defect will be introduced. The rodlets will then be
placed in the ovens end monitored periodically for weight gain as well
as for cladding deformation, as measured by a laser micrometer. These
tests will provide the necessary data for the development of design
criteria for dry storage of spent fuel.
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INTRODUCTION
Dry storage of spent fual is being evaluated as a viable interim
disposal option. In an oxidizing atmosphere, UO2 fuel reacts to form
UOOQ powder with a temperature-time dependency. The density reductions
that occur during this reaction can create internal pressures and cladding strain, which can propagate existing cracks or form new cracks in
the fuel cladding. To prevent this fuel degradation by oxidation,
interim storage concepts are designed to store fuel in a nonoxidizing
atmosphere. However, to support licensing the dry storage of spent
fuel, design data is required to predict the behavior of spent fuel with
time in an oxidizing atmosphere. Thus, the limiting time temperature
exposure of the fuel can be determined without monitoring for cover gas
inertness or for abnormal events. To achieve this objective the Pacific
Northwest Laboratory is conducting twelve different spent fuel oxidation
tests under controlled atmospheres with a variety of different fuel
types. This work is under the direction of the Commercial Spent Fuel
Management Program Office at the Department of Energy's Richland
Operations Office. The work is conducted by Pacific Northwest Laboratory, which is operated by Batteile Memorial Institute under contract
DE-AC06-76RL0 1830.
Earlier tests (Ref. 1) with nonirradiated U0 2 pellets identified
variables that affected oxidation rates. These included moisture, surface condition, gamma radiation and fuel composition, as well as temperature. Preliminary testing with spent fuel (Ref. 2) identified fuel
burnup as an important variable. Based on this data a test matrix was
developed for completing oxidation tests with spent fuel. A number of
simultaneous tests are to be completed to provide the required design
data. Tests are to be completed in controlled (air or inert gas)
atmospheres with one of three different moisture levels (as measured by
a dew point analyzer). These dewpoints are 0°C, 20°C, and 40°C. Temperatures are 135°C, 150°C, 170°C, 190°C, 210°C, and 230°C. Five tests
have already been completed using th? gamma field background of the hot
cell (500-1000 R/h). However, this level is not typical of actual storage conditions. In addition no radiolysis products were observed. All
testing is now being completed in a high (10 5 R/h) gamma field. The
gamma field is produced by locating an ~50 B 000 curie capsule of CsCl
outside the front door of each oxidation test oven.
Fuel variables are predicted to have a strong effect on oxidation
rate kinetics. Thus, a variety of fuel types were acquired for these
tests to control for these variables. Table 1 summarizes these fuels.
Some of the fuel was left over from previous research programs.
Some of it was acquired from ongoing projects and some of it was
procured specifically for these tests.
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TABLE 1. Spent Fuel Oxidation Test Fuels Summary
Reactor
HB Robinson
Point Beach
Shippingport
Quad Cities
»

Type

PWR
PWR
PWR
BWR
II
II
11

Monticello

BWR

Burnup* (MWd/MTU)
30.0
29.5
23.7
7.5
12.0
15.9
22.6
28.7

•Average Burnup Values.
Each fuel type was provided as a rod or section of a rod to be
prepared into a number of oxidation test samples. A cutting diagram
(Fiqure 1) is prepared for each rod before individual samples are
removed. The cladding is removed from ~2 in. of fuel to provide the
oxidation test samples. Rodlets are 6 in. clad samples and analytical
samples are 0.5 in. clad specimens.
Oxidation
Test Rodlets

Oxidation
Test Samples

Analytical
Sample
ROD END
0.0

0.5

2.5

4.5
Inches

FIGURE 1 .

Typical Spent Fuel Rod Cutting Diagram
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10.5

DESCRIPTION OF WORK
Spent fuel oxidation tests are conducted in a series of 12 ovens
that have a nominal maximum operating temperature of 300°C (four of the
ovens have water cooled gaskets and can be operated to 400°C). The
ovens are located six each in two racks. Ovens 1 to 6 are located in
Rack A (see Figure 2 ) , 7 to 12 are in Rack B. Each oven contains three
shelves that can hold up to four samples each (spent fuel that has been
removed from the cladding and placed in aluminum weigh boats). Thus, an
oven can hold 12 samples. Shelf temperatures are monitored by a
chromel-alumel thermocouple positioned between the weigh boats.
A series of three gas headers (cover gas inlet, cover gas outlet/
vacuum, and cover gas sample) connected to the ovens allow each oven to
be evacuated and backfilled with a known cover gas composition. Solenoid valves control the flow to each oven. Cover gas is supplied via
compressed gas cylinders located outside the hot cell. The cover gas
can be routed through a humidification tank (where the gas picks up
moisture) or can simultaneously bypass the humidification tank to prevent moisture pick up. The two gas streams mix and pass across a
moisture probe (one per oven rack) before entering an oven. Thus, by
adjustment of the flow ratios of the two streams with separate rotameters (and the heat input to the humidification tank) a variety of
moisture levels in each oven can be obtained.
To obtain fuel for testing, the previouly cut fuel specimen is
removed from the cladding. Since the startup of an oven requires
specimens from several different fuel rods, clad sections are vialed,
labeled, and stored under nitrogen in an empty oven until all samples
for a particular oven are generated. Nitrogen storage prevents premature formation of an oxide layer that inhibits the oxidation reaction
when the samples are at test temperature. Eleven spent fuel specimens
are prepared for each oven. Fuel is removed from the cladding by
hammering the specimen in a stainless steel collection pan. Fuel fines
are sieved out from the larger fuel particles using a Tyler #16 screen
and the +16 mesh particles are collected into aluminum sample boats
after taring the sample boats to +0.001 g. Well characterized, depleted
uranium pellets are added (typicaTly three) to a twelfth sample boat.
All sample boats with fuel are weighed twice to within -0.001 g (0.01 g
if total weight is 60 g or over). Starting fuel weights range from
23-46 g depending on fuel type and length of the clad specimen. Each
depleted uranium pellet weighs approximately 5 g.
Weigh boats containing the fuel specimens are carefully placed into
their designated shelf position per test plan directions. The oven door
is sealed and evacuated to approximately 1 in. Hg absolute (3 C 4 kPa)
with a mechanical pump. The desired cover gas (air or nitrogen) Is
routed from the inlet gas header to the evacuated oven until oven pressure is approximately 32 in. Hg absolute (109 kPa). Evacuation and
backfilling is repeated once more for air; four additional times for
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FIGURE 2. Spent Fm.-1 Oxidation lest Assembly (Pack A)

inert atmospheres. On the final backfill, the cover gas is vented
through a loosened cap screw located on the outlet/vacuum header. Cover
gas is split into two streams (as previously described) that are
adjusted to obtain the desired below ambient dew point as indicated by
the moisture probe readout. Once the correct dew point is obtained (to
j+l°C), the cover gas is allowed to flow for a minimum of three oven
volume changeouts. The oven is then sealed by closing the inlet header
valve and cap screw.
For dew points above cell ambient temperature (~30°C) cover gas
flows are adjusted in a manner similar to the below ambient dew points
but the cover gas is vented through an empty oven (with the door open).
Simultaneously closing the inlet header valve to the empty oven and
opening the inlet header valve to the evacuated oven backfills the oven
with a cover gas of the desired dew point. This prevents possible condensation inside the oven that could result in a continuous flow situation. Dew points above cell ambient temperature require heating the
humidification tank and trace heat lines to the ovens.
As the oven is heated to set point temperature, periodic venting
through the outlet/vacuum header cap screw is required to prevent over
pressurization. Final oven pressure at set point temperature is
32-33 in. Hg absolute (109-112 kPa).
Each oven shelf temperature is recorded daily along with oven pressure. Periodically the ovens are turned off for an interim examination.
The period of time that an oven is at set point temperature, prior to
shutdown for an interim weighing period, is dependent on the temperature
with the higher temperature tests being shutdown more frequently.
Prior to oven shutdown, a sample of the cover gas is collected in
an evacuated 500 ml bottle through the cover gas sample header. The
cover gas sample header is evacuated and then backfilled with purified
helium seven times to remove possible contaminants; the header is under
a vacuum when the sample bottle valve and oven solenoid valve (connected
to the sample header) are opened. The collected cover gas is analyzed
with a mass spectrometer for C0 2 , Ar, 0 2 , N 2 , CO, He, H 2 , CH^, Xe and
Kr.
Samples are allowed to cool to cell ambient temperature. Once the
samples are cooled, sample boats are carefully removed from the oven
shelves and weighed twice to 0.001 g (0.01 g if total weight is 60 g or
over). Sample weight gain is attributed to oxide formation. Selected
samples are also examined and photographed with a hot cell periscope.
Samples are returned to the oven, the oven door is sealed and the CsCl
capsule holders are replaced in front of the oven. The oven is
restarted as previously described.
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FUTURE TESTING
As a second phase of spent fuel oxidation tests, the behavior of
clad fuel specimens will be examined when a "defect" (approximately a
0.03 in, hole) is introduced in the cladding. Cladding deformation, as
a result of fuel swelling due to oxidation, will be examined at a variety of temperatures and moisture levels as a function of time.
In order that inleakage of air occurs only at the defect, the ends
of the clad sample need to be sealed with zircaloy end caps (as would be
the case in an actual fuel pin). The unit that will be used is an Arc
Machines Model 9 rotary head TIG (Tungsten Inert Gas) welder with a
model M-80 power supply (Figure 3 ) . This system provides repeatable
welds, since it is a fully automatic process once a welding schedule has
been developed.
The weld head consists of a 3.2 in. O.D. rotor that accepts either
a 1/16 or 3/32 in. tungsten electrode. Insert clamps, hold the work in
place. The weld head is designed such that the upper part of the weld
head pivots over the work, and creates a vented chamber that is purged
with an inert shielding gas prior to welding.
A number of parameters that define the welding schedule are set at
the welding power supply panel. These include pre and post purge times,
pulse times at the high (primary) and low (background) current levels,
primary and background current levels* and rotation speed.
During a welding sequence, the weld head chamber is purged with an
inert shielding gas (usually argon) for a preset prepurge time before an
arc is struck. The shielding gas flows continuously during welding.
When welding begins,, the electrode remains stationary for a preset time
(rotation delay) to ensure penetration. The electrode then rotates at a
preset speed, and the welding current pulsates between primary and background current levels. There are four levels of primary current, each
current level and time is preset on the power supply panel. Total time
of the four levels must be sufficient for a full rotation of the electrode (360°) plus overlap time and compensation for rotation delay.
Each primary level is normally lower than the previous one to offset the
heat input. After weld completion, the current is gradually tapered off
to prevent formation of pinholes or craters. Shielding gas continues to
flow for a preset post purge time after welding has stopped.
Each weld will be qualified via a helium leak detection test. The
rodlets have already been prepared from the various fuel types (see
Figure 1 ) . The rodlets will be added to the current test matrix. When
an interirr examination is completed each rodlet will be subjected to a
laser micrometer measurement to determine the extent of cladding deformation. The rodlet will then be returned to the test oven.
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FIGURc 3.

Welding End Caps on Spirit T^e. .loul«.l
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RESULTS
In December 1985, five controlled atmosphere oxidation tests were
concluded. These tests used 5 or 6 samples per oven (HB Robinson, Point
Beach, Shippingport and nonirradiated pellets only) and were conducted
in a 500 to 1000 R/h gamma field. The temperatures used were 135°C,
150°C, 165°C, 180°C, and 200°C. Analytical samples have been taken.
The data is being analyzed. The high gamma field tests have been
initiated and several tests have been subjected to interim examinations.
Significant weight gains have been observed but there has been no
evidence of phase change. These test results will be compared to
previous results to identify those variables that effect spent fuel
oxidation rates. This information will be used to develop the design
criteria for licensing dry storage of spent fuel.
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INTRODUCTION
The oxidation behavior of U0 2 1s applicable to dry storage of spent fuels as
well as to other parts of the fuel cycle In which the UO? fuel could become
exposed to an oxidizing environment. The objectives of the Integrity workshop
on oxidation of UOo were to determine what 1s presently known, to Identify
deficiencies, and to propose areas In which additional work 1s needed to support
the technology of spent fuel dry storage. Unresolved fundamental questions
Include determination of allowable dry storage temperature-time histories 1n
oxidizing environments and consequences of the formation of low density uraniumoxygen compounds. The design of safe dry storage systems Includes consideration
of spent fuel oxidation behavior, abnormal events, and monitoring for Inert
gas retention. Under declining temperatures that result from the decay heat
of spent fuel, the temperatures will eventually become sufficiently low that
Inert gas monitors can likely be deactivated.
LEAD-OFF PRESENTATIONS AND SUPPORTING INFORMATION
Five keynote lead-off speakers presented current experimental results to focus
the panel's attention on discussion topics. In addition to the presentations
during the workshop, several symposium presentations and poster presentations
provided additional supporting information during the two days prior to the
workshop. A 11st of these presentations and poster sessions 1s provided 1n
Attachment A.
WORK THAT WAS DISCUSSED
Hastings' presentation revealed that weight gain rate enhancement
fuel decreased with increasing temperature between 300 and 400 C.
strains for cracking were 6% at 400 C rather than the 2% observed
atures below 250 C. 1-131 and Kr-85 releases were less than 10"
inventory.

in Irradiated
Cladding
at temperof the

The discussion following Hastings' presentation focused on the need for systematic work on the effects of microstructures (microporosity and formation of
gas bubbles Increases with fuel rod power and burnup) and fuel chemistry effects
on oxidation behavior. The fuel chemistry 1s different for LWR extended burnup
fuels (40 to 50 GWd/MTU) than for spent fuel with low or nominal burnup.
Brown's presentation focused on application of data to verify the containment
of alpha radioactive materials with Inhalation potential during postulated
fault conditions. His presentation showed no effect of burnup on the tin**
for powder formation 1n spent AGR fuel. The time for powder formation was
less In the AGR spent fuel than In the AGR nonirradiated pellets. Host of
the powder formed had a particulate size greater than 10 microns. Peehs
commented that the predicted aerosol consequences were overly conservative.
Simpson's presentation emphasized that since the data are showing that the
reaction sites are predominantly located at grain boundary surfaces, data
should be normalized to grain size and exposed grain boundary surface area.
The UK data verified a change In the slope of the log rate versus reciprocal
temperature plot at 300 C earlier reported by Boase, et al. Simpson's data
also confirmed Hastings' earlier fragment results, when the former were
normalized for percentage weight gain versus reciprocal absolute temperature.
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Discussion following the UK presentations centered on the effects of fuel rod
power and Irradiation conditions on grain boundaries, microstructures, fission
product migration, grain boundary chemistry, and oxygen potential.
Einziger presented results from oxidation studies with Turkey Point spent
fuel. The data tend to show an effect of burnup on powder Induction time.
The discussion centered on the differences In fuel rod power and Irradiation
temperature on microstructure that might lead to no bumup effect In AGR spent
fuel, In contrast to a burnup effect found for LWR spent fuel. Wasywich pointed
out that differences in oxidation rates are observed In low and high power
regions of spent CANDU fuel. Dens1f1ed regions with low porosity have low
oxidation rates compared to regions with open porosity. Moisture also appeared
to enhance oxidation. Peehs pointed out that the reactor power controls the
extent of open and closed porosity. AGR fuel has primarily closed porosity,
where LWR fuel has both open and closed porosity, depending on the Irradiation
conditions.
Discussion on cladding breach size effects led to the conclusion that bare
fuel experiments provide conservatism In all cases. Einziger concluded that
for some conditions, the Turkey Point fuel could be safely placed Into air
storage at 250 to 230 C because the fuel would rapidly cool Into the temperature
range where very long times would be required for powder to form. This
extrapolation assumed that the cumulative damage method provided accurate
extrapolations over a declining temperature history. Specific applications
need to take Into account the changes In cooling rate with fuel age. A need
to select and verify the reliability of cumulative damage models was emphasized.
01 sen described the results of spent fuel studies at INEL. Discussion focused
on exposure of spent fuel to air during lag storage and fuel handling. A
need was identified for data on behavior of LWR fuel aerosols from containment
studies. This type of data would be used In establishing licensing criteria.
Brcwn discussed the merits of lead experiments in determining low temperature
oxidation behavior. The CEX tests appear to faVi Into this category. This
may be a practical method for determining behavior under long time repository
conditions.
Thomas described results of TEM studies with oxidized spent fuel. Hastings
expressed concern about artifacts generated during specimen preparation and
the general applicability of thin foil data to the bulk specimen. Thomas
pointed out that pre-test specimens were prepared by the same methods as used
for post-test specimens. Further discussion centered on the differences in
spent fuel from the different eras of fuel manufacture and Irradiation
conditions.
Peehs described merits of storing spent fuel in Inert gas. Several expressed
the need to have analytical capabilities to model abnormal events and determine
conditions under which monitoring for Inert gas retention can be discontinued.
AREAS OF AGREEMENT
The following areas appeared to have general agreement. Some of these points
represent significant progress since the former workshops In 1983 and in liS4
on this topic.
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1)

The Initial fuel oxidation reaction takes place primarily at grain boundary
surfaces. Therefore the practice of normalizing weight gain to geometrical
external surface area should not provide reliable normalization when grain
size is a variable.

2)

The rate of weight gain is more rapid in regions of fuel containing
interconnected microporosity than In regions that have densified or do not
contain Interconnected microporosity.

3)

New data from several investigations revealed that effects of fuel rod
power and Irradiation conditions on grain boundaries, microstructures,
fission product migration, grain boundary chemistry, and oxygen potential
might significantly affect spent fuel oxidation behavior.

4)

Research on cladding breach size effects verified that bare fuel experiments provide conservatism in all cases.

AREAS OF UNCERTAINTY OR DISAGREEMENT
1)

A clear correlation between weight gain and the onset of U3O3 powder has
not been established.

2)

Whereas the resistance of LWR spent fuel to U3O0 formation appears to
improve with burnup, no benefit from burnup was found for AGR spent fuel.

3)

There was disagreement on the degree of conservatism needed 1n analyses
on the aerosol consequences.

IDENTIFIED FUTURE NEEDS
1)

The effects of the different microstructures and fission product
distributions produced by Irradiation on oxidation behavior need to be
systematically Investigated.

2)

An understanding of the oxidation behavior of spent fuel in dry storage
1s required for assessment of the consequences of abnormal events and
for determination of monitoring requirements for retention of inert storage
atmospheres.

3)

Lead experiments such as the CEX tests may be a practical method for
determining fuel behavior under long time exposure at low temperatures.
They could be used to identify a problem before 1t grew to become a generic
problem. They could be used to verify extrapolation of predictions of
storage conditions prior to removal of inert gas monitoring.

4)

A need was Identified to select and verify the applicability of cumulative
damage models. Cumulative damage Is considered as a possible regulatory
tool for assessing consequences of cask failures and process shutdowns.
It could be used to assess effects of lag storage and dry fuel handling.

5)

Complementary studies using microscopic instruments at different levels
of resolution are needed to further our understanding of the oxidation
process.
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APPENDIX A. AIR STORAGE-RELATED SYMPOSIUN AND POSTER SESSION PRESENTATIONS

Symposium Papers
"Behavior of Spent LWR Fuel in Nitrogen and in Air," E. R. Gilbert, C. A. Knox,
and G. D. White
"Examination of Intact and Defective Irradiated CANDU Fuel Bundles Stored up
to 30 Months in Moist Air at 150°C," K. M. Wasywich, J. C. Chen, J. FreireCanosa and S. J. Naqvi
"Progress in Dry Spent Fuel Storage Licensing and Rulemaking," J. P. Roberts
Poster Sessions
"Behaviour of Intentionally Defected Irradiated CANDU Fuel Bundles Following
up to 30 Months of Storage in Air Saturated with Moisture at 150 C," K. M.
Wasywich, D. L. Bruneau, F. W. Stanley, G. K. Delaney, F. Doern, A. M. Duclos,
and D. Owen
"Stability of LWR Spent Fuel Rods Below 250°C in Air and Inert Atmospheres,"
C. 01 sen
"Comparison of the Oxidation Behavior of BNL, CRNL, and PNL U0 2 Pellets,"
G. D. White and E. R. Gilbert
"Spent Fuel Oxidation Testing under Simulated Dry Storage Conditions," C. A.
Knox, and T. K. Campbell
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WORKSHOP 1
FUEL INTEGRITY

AIR OXIDATION OF UO2 FUEL: CHALK RIVER STUDIES
I.J. HASTINGS
Atomic Energy of Canada Limited
Chalk River Nuclear Laboratories
Chalk River, Ontario KOJ 1JO
J. NOVAK
Ontario Hydro
Central Nuclear Services
Toronto, Ontario M5G 1X6

ABSTRACT
The air oxidation at 175-400°C of unirradiated and irradiated UO2 fuel
fragments was characterized by apparent activation energies of 140 ± 10
and 120 kJ/mol, respectively. There was a small enhancement in rate of
apparent weight gain for irradiated compared with unirradiated fragments up
to about 300 C; from 300-400"C there was no significant difference in
oxidation rate. Air availability had a strong effect on rate of weight
change above 300°C. The oxide particle size range, 1-20/um, did not differ
significantly from 300-400'C.
A deliberately-defected, irradiated, CANDU UO2 fuel element, three months
out of reactor, was heated in air at 400"C. After 4 h, the maximum
diametral
increase was about 6%; releases of 1-131 and Kr-85 were 10" 6 of
inventory.
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1.

INTRODUCTION

In the previous Symposia in this series (Gaithersburg 1983, Toronto 1984), we
presented data on:
(i)
irradiated, defected UO2 fuel elements at 220-250°C (1-3),
(ii) irradiated UO2 fragments from 175-400°C (4-6),
(iii) sweep tests of irradiated, defected UO2 fuel elements at 200 and
400°C (6,7).
These data continue to be of interest because of the applicability to dry
storage of spent fuel. Additionally, information in this temperature range
can be used in studies on nuclear generating station handling procedures for
defected fuel, and on spent fuel transportation.
In this paper, Chalk River studies are updated to extend UO2 fragment
studies to effect of air availability at 400°C, and to examine fission
product release and dimensional stability of, defected "fresh" UO2 fuel at
400°C.
2.

EXPERIMENTAL

The irradiated fuel was CANDU (CANada Deuterium Uraniurn)-design Zircaloysheathed UO2 with pellets of lPTlTMg/nF starting density, irradiated
in the Pickering Nuclear Generating Station (NGS). The fuel operated to a
burnup of 155 MW.h/kg U (6500 MW.d/TeU) at a linear power range of
27-30 kW/m.
Fragments were extracted from sectioned, irradiated fuel elements or from
fractured, unirradiated Pickering NGS-design pellets. Fragment size was
uniform at about 1 g. Total sample weight
was typically 35 g; calculated
pre-test surface area was about 50 cm2 for a 35 g sample. The fragments
were heated in-cell using a Lindberg three-zone furnace with a mild steel
sleeve to minimize temperature variation. Unirradiated fragments were heated
in the laboratory, using a Sybron Thermolyne furnace. Unirradiated and
irradiated fragments were placed in crucibles with loose-fitting refractory
lids to prevent particle dispersion during heating. Tests were also performed
without lids. Pre-test commissioning and actual operation showed good
temperature stability. Control was typically +5°C over the range of
temperatures and times used. Cell air was typically
at 30°C, with a relative
humidity of 50-55%; laboratory air was 20-25oC, with a similar relative
humidity. Oxidation was followed by monitoring weight changes using Hettler
electronic balances of 400 g capacity, with readings reproducible to +1 mg.
UO2 Element - Oxidizing Sweep
Figure 1 shows a schematic diagram of the experimental system. The technique
depends on a carrier gas (air) flowing over the defected element at
temperature, past a spectrometer, then to a series of traps. The fuel
element with a single, 1.2 mm diameter drilled defect at the mid-plane, 1s in
a 2.5 cm I.D. stainless steel tube enclosed in a mild steel sleeve within the
three-zone furnace. Chrome!/alumel type K thermocouples were attached
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outside and inside the stainless steel tube to monitor the temperature. The
stainless steel tube extends 15 cm on each end of the furnace so that the
ends are cold. All other piping was polyethylene tubing which resists
picking up activity so that the volatility of fission product is not
decreased by plating out on pipework. Volatile fission products were
monitored on-line in a loop of piping which extends out of the cell, into a
lower radioactive background area. This optimized the sensitivity of the
ND-66 gamma-spectrometry system which uses a pure germanium detector of3 high
efficiency, 13% for Co-60. The system can detect releases down to iO Bq
(1 x 10~° Ci). Following the spectrometer were a series of filters
consisting of particulate Cdl2, iodophenol, silver xeolite and charcoal,
all at cell ambient temperature to trap iodine. The last trap in the system
was charcoal at -70°C to trap all Xe, Kr, and any iodine which escapes the
first series of traps. The arrangement minimizes the possibility that
fission products can escape through these traps. After an oxidation run, the
furnace tube, and all pipework from the furnace tube to the cold trap, were
counted for deposited fission products. If the activity was significantly
above background for the cell building, counting was done on the spot. In
the event of very small activity releases, samples were taken to another
building with lower background to increase the sensitivity of the gamma-ray
spectrometric analyses.
Flowmeters at the start and end of the flowline were used to check that no
leaks developed during the experiment. Fuel elements were brought to
temperature under argon. The argon in the furnace tube was then rapidly
displaced by air flowing at 1 L/min for 5 minutes and the flowrate was
reduced to 300 mL/min to optimize the sensitivity of the gamma-spectrometry.
The flow was based on that used in previous tests to ensure particulate
matter was not transported in the system. Twice this flow rate is required
to move particulates. Sufficient air was supplied at all times to ensure
oxygen starvation did not occur.
Pre- and post-test weight measurements were made using a Mettler electronic
balance (2000 g capacity) to +_ 10 mg. Diametral changes were measured by
micrometer at a minimum of seven different positions on the fuel elements, at
0° and 90°. Positions of measurement were at defect regions, and remote from
the defects. A minimum of three readings was taken at each position and the
result averaged. Visual inspection, including photography, was carried out
following dimensioning. Ceramography and 0/U measurements were carried out
on selected fuel sections.
3.
UO2 Fragments

RESULTS AND DISCUSSION
'

We previously reported oxidation data for Pickering and Bruce NGS irradiated
fragments from 175-275°C (4-6). Figure 2 shows earlier data plus those from
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the present study on Pickering NGS irradiated fragments at 300-400°C, with
and without crucible lids. Figure 2 also shows data for unirradiated
Pickering NGS-design UO2 fuel fragments in the range 175-400'C, also with
and without crucible lids. We have found weights increases as a percentage
of starting weight, (AW), to be a useful defining parameter for oxidation,
and plot rate of weight increase (%/h) versus reciprocal absolute temperature
in Figures 2 and 3. Other studies have used rate of weight increase per unit
surface area, but this is complicated by the rapid changes in surface area as
oxidation occurs. AW results primarily from the oxidation of UO2 to
U3O3. We assume negligible contribution from oxidation of solid fission
products; the loading is less than 0.1 wt% in the fuel studied. Volatilization of fission product during testing would also be negligible.
Figure 2 shows an increase rate of weight gain with temperature over the
whole temperature range, with a similar trend in Figure 3 for unirradiated
fragments, but at a factor of two-three lower rate. We noted previously
(1,2) the irradiation enhancement of oxidation in both fragments and defected
elements. Figures 2 and 3 also show the large effect of uncovered versus
covered crucibles above 300°C. The rates for irradiated and unirradiated
fragments are identical above about 300°C. The fits to the Arrhenius plots
in Figures 2 and 3 are given by:
F

- 1 x 1O>2 exp - 140 ± 10

for unirradiated fuel, and
1 cv x 10
m 1 0 exp
»
Fc - 1.5J

KI

120 ± :sa ykJ/mol
»,.
— — — %/h

for unirradiated fuel, standard_deviation of 10 kJ/mol at the 95% confidence
level.
The correlation coefficients were 98% and 99%, respectively, R = 8.3 J/mol.K.
To obtain the activation energies, we used the data from crucibles with lids
r,p to 300°C and that from lidless crucibles above 300°C, reflecting
'unl imited air" in the latter case. Previously (4-6) we reported 130 +_ 10
kJ/mol from 175-275°C for irradiated fragments. X-ray studies (8) on the
surface oxidation of unirradiated UO2 at 225-275°C in air obtained an
activation energy of 120 kJ/mol for the process. Oxidation data (9) on
unirradiated UO2 fragment*; suggested an activation energy of 160 +^ 5 kJ/mol
for temperatures less than 320 °C and 100 _+ 7 kJ/mol at 320-450°C, apparently
reflecting a change in activation energy proposed earlier from defected
element work (10). The change has been attributed to a change in stability
of beta-U307 above about 350 C (11). However, we have evidence
that the turnover at 300°C may be due to experimental technique. Our tests
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at 300-400°C show the rate of weight change for unirradiated and irradiated
fragments in a lid!ess crucible above 300 C is up to five times that for
fragments in a crucible with a lid. This implies oxygen starvation at the
high oxidation rates above 300°C, in the latter cases. The apparent
reduction in the rate of propagation of the oxide front in defected UO2
fuel elements (1,10) can also be explained by limitation of air access to
unoxidized UO2 remote from the defect. If unlimited air were available, no
change in rate would be expected, and the continuous relationship shown for
fragments in Figures 2 and 3 would apply. Below 300°C, rate of UO2 weight
change with and without lids was identical.
Previous data (1-3) suggested that, for the timescale of our study, the
primary oxidation phase below 230°C was U3O7; above 250°C the primary
phase was l^Og. In work (12) on fragments from irradiated light
water reactor (LWR) fuel, directly comparable with our own studies, weight
gain was 1.4-2.2% after 350 h at 230°C; we observed 2.0-2.5% for the same
conditions. The tests in (12) also r.howed some enhancement of oxidation rate
due to the irradiation. We did not observe any large incubation period
( 50 h) for unirradiated or irradiated fragments, in contrast with results
reported for unirradiated fuel (11). In a previous analysis (4-6) of
fragment oxidation, using conservative assumptions, we suggested 15%
conversion to U3C8 was sufficient to produce a 2% diametral increase in a
defected fuel element, below which there was no evidence of sheath splitting.
Note that 4% weight increase corresponds with 100% conversion to U3O8.
If we assume our relationship of F, T and Q (activation energy) extends to
150°C, a typical maximum irradiated fuel storage temperature, then the 15%
conversion criteria would be reached in about three years, though the time is
very sensitive to Q. For example, with an apparent activation energy of 130
kJ/mol, the conversion criteria is not met for more than 50 years. In
long-term canister storage studies involving defected fuel, there is evidence
of some localized oxidation of the fuel surface at the defect after 2.5 years
at 150°C [13], but there is no sign of diametral change or sheath splitting.
Our fragment studies clearly give a conservative result. In practice, there
is evidence from higher temperatures (1-3) that oxidation in elements is
localized within about one pellet length of the defect; as discussed earlier
oxide formation blocks access of air to the rest of the fuel.
To obtain initial data on sizes of particulate oxide product produced under
controlled conditions, we heated irradiated UO2 chips (approximately 1 g
each, 35 g per sample) in air at 25°C intervals between 300 and 400°C for
times up to 12 h at each temperature. The range of weight gain was 3.17 4.05%. The U3O8 powder resulting from the heat treatment was mounted and
examined by optical microscopy. The particle size ranges at the respective
temperatures, 1-20 nm, did not differ significantly over the temperature
range 300-400°C. At 300-350°C, there were occasional large particles up to
450 Mm diameter. These could be UO2/U3O7. The results at 400°c
compare closely with those reported earlier (7) from oxidized fuel extracted
from an irradiated element after treatment at 400°C.
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U02 Element at 400°C
Element weight prior to the test was 881.0 g; post-tesc weight was 881.5 g.
Pre-test diameter was 15.24 + 0.01 mm. Post-test value was 16.10 +
0.01 mm at the drilled hole, an increase of 5.7%. The diameter was unchanged
remote from the defect hole. Figure 4{a) ii a ceramographic section through
the drilled defect hole. About 20$ of the fuel has oxidized in the section.
Figures 4(b),(c) show more detail of the oxidized structure at the defect.
The structure in both these figures did not respond to polarized light or a
30 min etch, suggesting U3O8. This structure has been identified as
u"308' Figure 4(d) shows the interface between the oxidized and
unoxidized (UO2) areas. The oxidized phase shows a structure typical of
U3O7. A section through the fuel at one end, remote from the defect,
showed no evidence of oxidation.
An 0/U measurement taken about 2 cm from the defect gave a value of 2.00; a
measurement more remote from the defect also gave 2.00. This confirms the
very localized natu>e of oxidation in defected elements, as previously
reported (1,2).
During the in-cell sweep at 400°C for four hours, after ramping at
15-20 C/min, on-line gamma-ray spectrometry defected trace releases of Kr-85
and 1-131, but no other isotopes could be seen above background. Releases of
these particular isotopes were confirmed by measurements of the quantity in
traps and on the furnace outlet after the experiment.
The results are given
in Table I. A portion of the iodine, 1.6 x 10 z Bq, on the 30 cm length of
piping from the furnace outlet is undoubtedly due to contamination during
disassembly for examination. This gives a very conservative upper limit for
iodine release, since only 1.6 Bq/15 cm was found 2.5 m downstream of the
furnace.
There were 5 m of Polyflo tubing between the furnace and the traps, which
gives a conservative upper limit for total iodine release of 17 x 1.6 x
= 2.7 x lO^. It was not possible to get meaningful data from the furnace
tube itself because of severe contamination during disassembly, caused by
difficulties in removing the element which had swollen and jammed in the
furnace tube. Total releases and fractional releases of inventory for Kr and
I are summarized in Table II. The inventory was calculated using a shutdown
date of 1983 August 1 and the experimental date of 1984 November 7. Maximum
source strengths for a 15 cm length of pipe for Cs-137, Cs-134 and Ru-106
were 0.3, C.2 and 0.05 cps, respectively, corresponding with 17, 10 and
14 Bq, respectively. A conservative limit can be obtained by normalizing to
the total length of pipework, 5 m. This is shown in Table III.
No fuel dust transport occurred, in agreement with laboratory studies on
unirradiated fuel at these air-flow velocities 1130 cm/min). It is also
clear that noble gas and iodine releases, as I2. are miniscule, 2.2 x
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10~7 and 1(H>, respectively, of the inventory in 4 hours oxidation at
400°C. This compares with 2 x 10" 6 of the Kr-85 inventory for 24 hour
oxidation at 400°C of 2.5 year-old Bruce fuel with 6 defects (6,7).
In separate studies, detailed elsewhere (14), we heated deliberately-defected, irradiated,
CANDU UO2 fuel elements at 600°C and 900°C in air. After
2 h at 600lC the element showed sheath splitting at the defect, with a
maximum diametral increase of about 10%. After 2.5 h at 900°C there was
severe cracking at the defect, and the Zircaloy-4 sheath was deformed along
its whole length, with a maximum diametral increase of about 50%. At 600°C,
fission product release was negligible for all isotopes examined.
At 900°C,
4
the releases for
1-131,
Kr-85
and
Xe-133
were
8.2
x
10~
,
1.8
x
10~5
and 1.1 x 10~ 5 of inventory, respectively.
4.

CONCLUSIONS

1.

The air oxidation of unirradiated and irradiated UOg fuel fragments at
175-400°C was characterized by apparent activation energies of 140 ±
10 and 120 ± 10 kJ/mol, respectively.

2.

The enhancement of air-oxidation in irradiated compared with unirradiated UO2 fuel fragments decreased with temperature; no significant
difference exists in rates between unirradiated and irradiated fuel from
300-400°C. In this temperature range, oxide particle sizes measured
after heating ranged from 1-20

3.

Bare fragments studies provide conservative data for application to
defected fuel element behaviour.

4.

Air availability had a strong effect on the rate of weight change from
300-400°C.

5.

In a four-hour sweep test at 400°C of fuel with one deliberate hole
there was 6% diametral increase at the hole, and some crack initiation,
consistent with local 7oxidation to U3O8. Kr-85 to 1.8 x 10 4 Bq
(0.3 Ci), 2.2 x 10" of inventory was released; 1-131 release was
2.7 x 10 3 Bq (0.1 Ci), 1 x 10" 6 of inventory. Insignificant
amounts of Cs and Ru were detected.
5.
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TABLE I:

Trap Release Results, Pickering NGS Bundle H2228, Element 10,
400°C for 4 h.
LOCATION

ISOTOPE

SOURCE STRENGTH (Bq)

Cold Trap

Kr-85

1. 18 x 10 4

Iodine Trap

1-131

7.2

30 cm section of pipework
at furnace outlet

1-131

1. 6 x 10 2

Table II:

Releases and Fractional Releases of Total Inventory,
Pickering NGS Bundle H22228, Element 10, 400°C for 4 h.

ISOTOPE

INVENTORY
(Bq)

TOTAL RELEASE

FRACTION OF INVENTORY RELEASED

Kr-85

5.4 x 1O 1 0

11.18 x 10 4

<2 .2 x 10" 7

1-131

2.7 x 10 9

<2.7 x 1O3

TABLE III:

.0 x 10-6

Estimate of Release Upper Limit Normalizing to 5 m of Piping.

ISOTOPE

INVENTORY
(Bq)

UPPER LUTT
FOR RELEASE
(Bq)

FRACTION OF INVENTORY
RELEASES

Cs-137

5.4 x 10 11

<5.7 x 10 2

1.1 x 10" 9

Cs-134

2.6 x 10 11

<3.3 x 10 2

1.3 x 10" 9

Ru-106

3.6 x 10 1 2

<4.7 x 10 2

1.3 x 10" 1 0
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FIGURE 1:

Schematic of oxidation/sweep system.
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FIGURE 2:

Arrhenius plot of rate of weight increase, F, as a function of
reciprocal absolute temperature for irradiated UOg fragments
175-400°C. Data for crucibles with and without lids.
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Arrhenius p l o t of rate of weight increase, F, as a f u n c t i o n of
reciprocal absolute temperature f o r u n i r r a d i a t e d UO2 fragments
175-400°C. Data f o r crucibles with and without l t d s .
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FIGURE 4:
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(d)

Element 10, Pickering NGS Bundle H22228 one-defect hole. 4 h at
400°C, (a) cerawographic section, (b), (c) detail of oxidized
structure and (d) UO2/U3O7 interface.
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THIRD INTERNATIONAL SPENT FUEL STORAGE TECHNOLOGY SYMPOSIUM/WORKSHOP
APRIL 8-10 1986 - SEATTLE USA
Fuel oxidation and release of aerosol from a leaking dry fuel storage container
by
G. Skyrme, (1) P. Wood, ( 1 ) G.A. Brown ( 2 )
Introduction
In those dry storage designs that use an inert gar. HB the primary storage
medium, the absence of oxidation means that no significant degradation of fuel
or containment is expected. However some postulated fault conditions permit
ingress of air and, if fuel with cladding defects is assumed, then the
consequences of fuel oxidation must be assessed.
The primary consequence of oxidation is production of alpha bearing fuel
particulate, which presents an inhalation hazard when airborne. The release of
fission products accompanying oxidation of long-cooled fuel presents a lesser
radiological hazard* Only a small proportion of oxidised fuel particulate will
remain airborne, but mechanisms do exist to allow escape of some particulate
through breaches in the containment.
A systematic approach is needed to predict the rate of particulate production
from fuel. A calculation of the quantity of particulate that remains as an
aerosol, together with consideration of the release mechanisms, enables an
assessment of the possible radiological hazard.
Kinetics of UP2 Oxidation in Air
Oxide fuel is produced as pellets of UO2 in sintered form and is clad in pins of
zircaloy or stainless steel. Some defects in the cladding must be assumed for
at least a proportion of the fuel after extended irradiation. Because small
but relevant defects cannot all be detected and some may even occur during
storage, it is not possible to selectively batch fuel into intact and defective
groups. The integrity of the cladding cannot therefore be claimed even though
the probability of defects will be very small.
The kinetics of oxidation is being widely investigated Internationally using
AGR, LWR and CANDU fuel in the form of unirradiated pellets and fragments,
irradiated fragments and deliberately defected pins. Higher oxides which may be
formed during oxidation of UO2 include Utfig and U3O7 but it is U3O8 that is of
most interest In dry storage. Its formation is accompanied by a large volumetic
change, which may result in fuel swelling, defect propagation and powder
production and loss from the pin.
Our present understanding of the kinetics of oxidation, of unclad fragments of
CAGR uranium dioxide at low temperatures (200-400°C) in air, is illustrated in
Figure 1. With unirradiated UO2, UaOs powder is produced during the rapid
weight gain phase. This is preceded by an initial period of low weight gain
which may be'described by the time to powder formation tp or less directly by
the intercept at t^. The formation of a thin layer of U3O7 during this Initial
period at low temperatures (225-275°C) has been detected by surface X-ray

(1) CEGB Technology Planning & Research Division - Berkeley Nuclear Laboratories
(2) CEGB Generation Development and Construction Division - Bartwood
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studies (Taylor et al, 1980) and indicated by more sensitive weight gain
measurements (Simpson and Wood, 1983). With irradiated UO2 the kinetics differ
in that we find there is a much reduced or no initial period of low weight gain
although still a delay before powder production (Wood, 1986).
Gilbert et al,
(1984) and Hastings et al (1984) also see more rapid weight gain with irradiated
UO2 but the former find Irradiation extends the time to powder production.
We find, in contrast, that the onset of loose powder formation occurs at a time
t. which is shorter for irradiated than for unirradiated CAGR UC?2- Figure 2
illustrates the temperature dependence of the estimated t in -air, determined
using unclad fragments of irradiated (11.7-26.7 6WD te"1) AGR UO2; also
included are the estimated times at which powder was lost from irradiated (18*3
GWd te*"1) AGR fuel pins containing large deliberate defects on heating at 240°C
(Wood, 1984). The best fit to this data is described by (T in °K):log10 Ctp/hr) - (4235/T) - 6.137
The existence of this incubation period is useful in that it allows short term
exposure of fuel to high temperatures in air during the Initial handling
processes when assigning fuel to dry storage.
The variation with temperature of the maximum rate of weight gain (see Figure 1)
is illustrated in an Arrhenius diagram in Figure 3. This presents data obtained
froa unirradiated AGR UO2 fragments (Simpson and Wood, 1983) and irradiated AGR
UO2 fragments (Wood et al 1985) and compares this data with the reaction front
velocities (converted from cm min"1 to mg cm~2 hr"1) reported by Boase and
Vandergraaf (1977) using deliberately defected irradiated CANDU elementsc
Comparing the AGR samples, the effect of irradiation on the maximum rate of
oxidation is seen to be small: further work is in progress.
Fault condition analysis
Since container defect sizes are usually indeterminate the extent to which
oxygen availability may limit the fuel oxidation rate cannot be specified.
Therefore rates of oxidation based on unlimited oxygen access to the fuel pin
are generally used*
Quantity of U3O8 Foresee during Storage
The data of Boase and Vandergraaf, which is seen (figure 3) to bound all of our
unclad AGR fuel data, has been applied to defected AGR fuel pins in our
calculations for safety studies* The nature of the defect in the fuel pin
cladding through which oxygen gains access to the UO2 cannot be specified, and
it Is possible that the defect can enlarge during oxidation. Therefore, it Is
assumed that the defect itself provides no barrier to oxygen ingress to the
fuel. In these circumstances the amount of oxide formed is the product of the
oxidation rate and the exposed UO2 surface area. The latter is not easily
specified. Since the UO2 pellets are usually cracked it is assumed that the
cross-sectional area of the pellet is available for oxidation. In addition,
oxygen can penetrate down the annular gap between the pellet and fuel pin
cladding, and along the central bore of the AGR fuel pellets* The annular gap
and central bore represent an enormous surface area, and it is unreasonable to
assume that oxygen has access to this In all circuastaaces. The oxygen
availability is determined by the rate of diffusion along these regions modified
by its simultaneous consumption by the UO2* Therefore, the effective surface
area involved in oxidation Is calculated from the solution to the diffusion
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equations for oxygen penetration with simultaneous surface oxidation. This
results in only a small additional contribution to the oxidising surface area
from the annulus and the bore at high temperatures since the oxygen is constraed
before it diffuses very far; at low temperatures, however, the total surface
area may be oxidising.
Thus the rate of oxide formation inside the pin may be calculated for any fuel
pin temperature. The total amount of U308 formed after any given period is
found by integrating the bounding (Fig. 3) rate over the period from tlra« zero,
taking into consideration the reduction in fuel temperature with time. Wo
allowance is made for any time delay before powder production.
U3O8 Release from the Fuel Pin
Not all of the U3O8 formed is adjacent to the defect, a substantial fraction
being produced along the pellet-cladding annulus or within the central pellet
bore. Therefore it is unlikely that all of the oxide will be released from the
pin. However, because substantial pin splitting can be caused by the oxidation,
the pessimistic assumption is made that all of the oxide is released from the
pin during oxidation.
U3O8 Powder Size Distribution
The aerodynamic behaviour of the U3O8 powder, and hence its release
characteristics are highly dependent on the particle size distribution.
Iwasaki et al (1968) report a distribution determined by sieving for those
particles above 44 \m and by liquid sedimentation below that size. These
methods could result in the mechanical break-up of aggregates or the particles
themselves, and hence the size distributions may not be representative of the
U3O8 ejected from the fuel pin. Recent CEGB UO2 oxidation experiments in a
flowing air atmosphere suggest that the important fraction of particulate with
diameter <~10^ns may be considerably overestimated by previous determinations.
At present, however, the data of Iwasaki et al are used in release
calculations.
Release from Containment
Release of U3O3 from the fuel pin is not in itself a problem, but should the
container be defective (and this is implied by the access of oxidising air to
the fuel) then an interchange of air between the inner and outer atmospheres may
occur which could result in radioactivity release to the environment. The
quantity of U3O8 released depends upon two factors, viz, the gas flow rate
through the defect, F, and the plate-out rate of particles on surfaces in the
container, p. When the gas in the container is well mixed such that the
particle concentration is relatively uniform, the fraction of particles produced
which are released is given by F/(F+p). Mixing within the container is provided
by the natural convection set up by the decay heat of the fuel. While the "uel
is hot enough to sustain significant UO2 oxidation the convection is sufficient
to ensure that most of the particles are well mixed. [The largest particles are
less well mixed, but these settle quickly under gravity]. Therefore, assessment
of the release fraction requires evaluation of the parameters F and p.
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Gas Flow Rate through a Defect, F
The AGR dry fuel tore design is such that the fuel containers are cooled by
natural convection, the cool air being drawn in from around the building,
flowing up over the heated containers, and vented to the atmosphere through a
stack. This arrangement provides several potential mechanisms for air
interchange between the inside and outside of the container.
Due to the temperature difference between the air inside and outside the
container there is a possibility that buoyancy differences can cause a
convection circulation in the hole,, with warm air flowing out at the upper half
and cool air in at the lower half. Evaluation of the magnitude of this effect,
however, shows that it is only significant for lrrge holes (probably lcm
diameter or larger).
The container will also be subjected to changes in the weather conditions
outside the store, whence the cooling air is drawn. In particular, changes in
ambient temperature and pressure will be communicated to the container and cause
gas ingress and egress through the defect. Such variations are of low frequency
and in most cases the container can respond rapidly enough to reach equilibrium,
in which case the gas flow is independent of the defect size. For very small
defects, however, the flow is restricted, so that the flow rate is defect size
dependent.
Pressure variations due to wind turbulence at the stack exit are also propagated
virtually unattenuated to the container. Although of lower intensity than
ambient pressure variations, the frequency of wind driven fluctuations is much
higher, with significant amplitudes up to frequencies of ~lHz, and therefore
the potential interchange is much higher. The response of the container to such
relatively high frequencies is not fast enough to achieve equilibrium for hole
sizes likely to be fornd in practice and hence the interchange Is defect size
dependent. For typical weather conditions, however, wind driven interchange can
be a dominant mechanism for a wide range of defect sizes (see figure 4 ) .
Plate-out of Particles
As mentioned above, the convection currents set up inside the container due to
the decay heat flux are sufficient to ensure that all but the largest particles
may be considered to be fully mixed. Thus we may assume uniform particle
concentration within the container.
Before evaluating plate-out it is necessary to consider agglomeration.
Agglomeration does not itself remove any particles from the gas phase but can
alter the size distribution of those remaining. For conditions pertaining in
the dry store container agglomeration was found to be negligible.
Various plate-out mechanisms were evaluated. Dlffusiophoresis aad photophoresis
were not considered in the absence of a condensing vapour or a radiant source.
Brownian diffusion was evaluated; the mechanism can be particularly effective
for small particles, but it was found that the diffusion distances in the
relatively quiescent convective flow were too large to allow significant
plate-out.
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The dominant mechanism was gravitational settling. In general the plate-out
factor p is the product of the settling velocity and the surface area on which
deposition takes place. Although the relevant area In the case of gravitational
settling (the upward facing surfaces) may be small the settling velocities are
large, especially for particles * 10 \sa. This gives relatively rapid plate-out
for large particles. Since the settling velocity is proportional to radius
squared, however, small particles can remain in suspension much longer.
For such small particles an important plate-out mechanism is thermophoresis.
Particles are driven onto the walls by the temperature gradient in the gas
caused by heat transfer from fuel through to the container. Although not very
effective for larger particles the mechanism is important in removing the
troublesome micron sized particles which constitute a particular radiological
hazard. As the fuel cools the temperature gradient diminishes and hence
thermophoresis is less effective, but in these circumstances the oxidation rate
is reducing even faster.
The plate-out factors, p^, for each of the above mechanisms, i, are summed to
give an overall value, p; this plate-out factor is a function of particle size.
From a knowledge of p and F the fractional release of U3O8 for each particle
size can be determined. It is found that, for the size distribution quoted by
Iwasaki et al, the fractional release of U3O8 is several orders of magnitude
less than that formed. The size distribution of the released fraction, however,
is strongly weighted towards the smaller particles.
Once outside the container, the flow conditions within the dry store are such
that little further plate-out of the particles occurs before release to the
atmosphere..
Dose estimates for accidental releases of U3O8
Estimation of the potential mass release, together with a knowledge of the fuel
inventory allows assessment of the possible environmental impact. This is done
by calculating the atmospheric dispersion for the prevailing weather conditions
and by defining the occupancy factors appropriate to the critical population
group in the vicinity of the Dry Store* The exposure pathways considered
include:
-

inhalation of airborne activity.
external beta and gamma doses from airborne activity.
gamma dose from deposited activity.
exposure via foodchains.

Calculations are carried out using the codes developed for this purpose by the
CEGB (Macdonald et al 1982). For fuel that is cooled in excess of 100 days from
reactor discharge, the main dose component is that from the inhalation of
actirides although fission products and other exposure pathways are not
necessarily insignificant. The dose limits for accidental releases of activity
to the atmosphere are defined by :he CEGB for design purposes of the basis of
frequency of release (Saunders, 1:484). Over the release period a constant
release value is assumed. This is pessimistic but, on this assumption and
because of the significance of long-lived nuclldes, there is only a factor of 2
difference in derived doses for 100 day or 100 year cooled fuel. The assessment
is therefore applicable for the whole storage life.
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OXIDATION EFFECTS IN BREACHED SPENT FUEL RODS
INTRODUCTION
EPRI and TVA sponsored a program to study the effect of breach size on
the oxidation behavior of spent fuel rods and to try and correlate the
behavior with the oxidation rates determined on bare fuel fragments.
Preliminary results from the investigation weree rreported at the International
Workshop
Irradiate Fuel Storage in Toronto' ' and full details are in
Workshop on
on Irradiated
a recent EPRI report A
EXPERIMENTS
Artificial defects, which were either 760 urn drill holes or stress
corrosion cracking (SCC) type cracks ranging from 8 to 40 urn equivalent
circular diameter, were placed in pressurized water reactor (PWR) rod
segments. The rod segments had relative burnups ranging from 0.3 to 1 and
an absolute peak burnup of 27 GWD/MTU. The ends of each sample were sealed
so oxidation would only initiate at the breach site. The samples were
heated in an air atmosphere at 250°C to 360°C for times as long as 10,000
hours. At intervals the test was interrupted to weigh crucibles of bare
spent fuel and to measure and visually examine the fuel rod segments. At
the termination of the test the samples were measured, weighed, and photographed. In some cases, X-ray diffraction (XRD) and scanning electron
microscopy (SEM) examinations were conducted.
TORONTO REVIEW
The following conclusions were drawn at the Toronto meeting.
1.

From 250°C to 360°C at least some of the UO2 1s oxidizing past
U3O7.

2.

The shape of a propagated cladding crack is unpredictable.
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3.

Once the cladding crack starts to propagate, the fuel may maintain
its fragment-like appearance but can easily disperse.

4.

The fuel rod performance may be dependent upon the axial position
of the cladding defect due to either burnup or gap size variations.

5.

Cladding, even with breaches, substantially delay the incubation
of fuel oxidation relative to bare fuel. The smaller defects
provide the greatest inhibition. This effect appears to decrease
as the temperature drops to 250°C.

Further testing and examination continues to support the first four
statements. As the temperature drops down toward 250°C the fifth point no
longer holds as the defect shape starts to play an important role in breach
propagation characteristics. Results of the additional testing will be
discussed.
BARE FUEL OXIDATION
Bare fuel samples with burnups of 27 GWD/MTU and 21 GWD/MTU were
oxidized at 295°C. Both samples exhibited spallation at >3% weight gain
which is consistent with other samples studied in this test and by Knox^ '
at 230°C. The oxidation rate appears to be considerably slower than that
observed by Hastings^ ' et al. at 300°C but the later work was only for
about 12 hours. As shown in Fig. 1, the time-to-spallation for the
640 MWh/kgU fuel is consistent with the Arrhenius behavior for spallation of
other Turkey Point fuel with the same burnup.^ * ' The time to spallation
for the 500 MWh/kgU fuel is 60% shorter. With only one data point, it is
impossible to determine if the oxidation activation energy is independent of
burnup but, at least at 295°C, when one compares the time-to-spallation for
27 GWD/MTU and 21 GWD/MTU spent fuel there appears to be an increase in
time-to-spallation with increased burnup.
XRD was conducted on the five samples indicated in Table 1. At 4%
weight gain UUOg is the predominate phase. As oxidation continues, UO,
starts to appear in the spectra. After 10 hours at 250°C the sample consisted of fragments and powder. The powder was predominantly well defined
grains of U0 2 g with fission gas bubbles on the faces. The fragments were
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very friable when touched but consisted essentially of U0 2 - This behavior
would be consistent with rapid penetration of the 0 2 into the grain boundary
with much slower bulk diffusion through the very thin grain boundary layer
accompanied by spallation of a U 3 0 Q surface layer. The oxidized layer
on the grain boundaries would cause the fragment to be friable without much
total bulk oxidation.
BREACHED ROD PERFORMANCE
The oxidation behavior of the breached rods is summarized in Fig, 2.
At 295 and 283°C, where breached segments from both the center and end of the
fuel rod were oxidized, the breaches in the lower burnup end segments propagated first. This is consistent with the lower oxidation rate for the bare
fuel from the ends of the rod. Since the cladding compressed onto the fuel
in the center of the rod during irradiation, less fuel oxidation is required
to stress the central cladding. If there was no decrease in oxidation rate
with burnup, then the defects in the central segments should have propagated
first which wasn't the case. The breach propagation behavior of the Turkey
Point fuel rods parallels that found in Peach Bottom fuel rods where defects
in the ends of the rod propagated first.^6'
While the protection the cladding offers the oxidizing fuel might be
questioned, it can probably be safely stated that it is Inconceivable that
the presence of the cladding could enhance oxidation. Therefore it would be
expected that the behavior of bare fuel is a lower bound for the time-tospall at ion. We see from Fig. 2 that the defects in the end rod segments
propagated earlier than would be expected based on the time-to-spallation of
bare fuel from the rod center. This further indicates that the lower burnup
fuel from the ends of the rod oxidized faster then the higher bumup fuel in
the rod center.
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Other works indicated that unirradiated fuel oxidized faster than
irradiated fuel.^ 3 " 5 ' 7 ^ This may still be consistent with the present
findings. An unirradiated pellet would have tight grain boundaries so
oxidation occurs only on the external surfaces. Once irradiation occurs,
fission gas bubbles migrate to the grain boundaries opening paths for oxygen
diffusion. In addition the pellets start to crack. Both these effects
significantly increases the area for oxidation and hence the apparent
oxidation rate. As irradiation continues* solid fission products are
produced, which can take up oxygen and thus gain weight, but not contribute
to lattice disorder and swelling.
The small sharp defects propagated at * 1 % strain while the large dull
defects required *6.5 to 7.5% strain. This corresponds to a 20% local conversion of U 0 2 to U-jOgfor the small defect and 85X local conversion for the
large defect. As seen in Figure 2, for rod segments of equal burnup, at all
test temperatures except 250°C, the larger breaches p'.pagated earlier which
is consistent with the breaches limiting access of 0 2 to the fuel. As the
temperature decreases, the effect of defect size on 0 2 availability decreases
so the quantity of fuel being oxidized is independent of the defect size.
Since less cladding stress hence fuel oxidation is required, the smaller
sharp defects propagate first. Me have tested only small sharp defects and
large dull defects but logic tells us small dull defects should take the
longest to propagate and large sharp defects should propagate earliest.
Since we can encounter any of the defect types in fuel rods, we would have
difficulty taking any credit for a decrease in oxidation rate due to defect
size.
COVER GAS MONITORING
Cumulative damage fraction calculations were used to determine the time
when inert gas monitoring could be stopped. The details of the calculations*
such as the time-to-spallation and time dependence of the temperature, which
were used, are given in reference 2 and 8. The results of the calculations
are shown in Table 2. Once the temperature drops below 230°C with the
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imposed temperature time profile, monitoring can stop regardless of the
initial temperature. This cessation occurs three to four years after storage
starts. The higher oxidation rate of the lower burnup fuel is more than
offset by the lower temperature at the ends of the rod. Had the temperature
not been lower, monitoring would have had to continue at least five years,
until the temperature dropped to 220°C. Based on a comparison of the results
using the present time-to-spallation and those of Hastings and Novak,' '
which are approximately a factor 20 lower, it would appear that the critical
factor for determining when monitoring should cease is not highly detailed
oxidation data. Even a factor of 50 decrease in the time-to-spallation only
increases the monitoring time to 11 years. Better cask temperature distributions could be used as a way to possibly shorten the monitoring time.
CONCLUSIONS
A number of the more significant findings, since the Toronto meeting in
the study of fuel oxidation of breached PWR rods are noted. These include:
Bare fuel spallation and cladding-cracking propagation in breached
PWR rod segments with low burnups start earlier than in their
counterparts with higher bumup. This implies that the fuel rod
performance in dry storage is dependent on the axial position of
the cladding breach.
Both the size and shape of the defect appear to influence the
time-to-cladding splitting. Above 280°C the availability of 02
due to defect size dominates. Below 250°C the sharper defects
propagate first because of the high stress intensity at the crack
tip.
The temperature at which inert cover gas monitoring can stop is
<230°C for 27 GWd/MTU PWR fuel. The CDF calculations appear to
be much more sensitive to the temperature profiles then the
oxidation rates.
Additional details can be found elsewhere. (2,8)
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TABLE 1
X-RAY DIFFRACTION EXAMINATION OF OXIDIZED FUEL

Sample No.

Test Temp
(°C)

Final Oxidation
Configuration

A2A-2

360

Powder

A2A-4

283
250

Powder

A2A-7

Powder

Predominant
Oxidation State

Wt Gain
(%)

u3o8

4.2

U

3°8» U 0 3
UO2.9

+
A2A-9

250

B4A-1*

295

Crushed Fragment
Powder

*Fue1 from rod center with higher burnup.
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4.8
2.5

uo2
U3O0, UO3

5.8

TABLE 2
CDF CALCULATIONS OF TIME TO STOP COVER GAS MONITORING

Location
Rod
Mid
Mid
Rod
M1d
Rod
Rod
I
GO
--4

Rod
Rod
End
Roda
Endb
Endc

Initial Temp.
TO
250
400
200
250
250
250

Total Storage
(yrs)

Fuel Age
(yrs)

100
100
100
100
100
100

10
1
10
10
10
10

Temp. When
Monitoring Stops
TO

Time When
Monitoring Stops
(yrs)

233
247

2
2.4

No Monitoring
200
220
188

9
5
11.4

aused time-to-spall ation derived from data of Novak and Hastings for CANOU fuel( 3 ), approximately
a factor of 20 lower than in present work.
b

Used time-to-spall ation for lower burnup rod ends but higher temperatures from the center of the
rod.

CTime-to-spallation 50 times faster than found in this work.
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TEH EXAMINATION OF OXIDIZED LWR SPENT FUEL*
L. E. Thomas and J. M. McCarthy
Hanford Engineering Development Laboratory
E. R. Gilbert
Pacific Northwest Laboratory
ABSTRACT
To help understand the oxidation behavior of LWR spent fuel in air at
200 to 300°Cs pre- and post-oxidation test specimens were examined by
transmission 'electron microscopy (TEM). Recent development of specimen
preparation techniques that minimize the amount of radioactive material
needed in a TEM specimen made it possible to examine spent fuel in an
unshielded microscope. The specimens are reinforced epoxy composites,
each containing a 100 to 300 \im particle of spent fuel, and are thinned
by mechanical grinding and ion micVomilling.
Grain boundaries in unoxidized spent fuel are coated with closely-spaced
2 to 10 nm diameter bubbles of fission gas, and clearly provide
short-circuit paths for oxygen penetration during oxidation testing.
Oxidation appears to start along grain boundaries and proceed into the
grain interiors. Oxidized specimens are characterized by the presence
of microcracks less than 1 nm in width that parallel the grain
boundaries at distances of 10 to 20 nm from them. The microcracks were
absent in pre-test samples, and are believed to be caused by shear
stresses that develop at the interfaces between UO2 and coherent
^-derivative phases such as U4O9 and U3O7. No crystallographically
distinct oxides such as U3O8 were observed. Fission product aggregates,
in the form of 5 to 10 nm diameter gas bubbles and 2 to 70 nm diameter
second-phase particles, were concentrated at grain boundaries in both
pre- and post-oxidation test specimens. The most common fission product
particles were alloys of Mo, Tc, Ru, Pd and Rh. These fission product
particles appeared to be unchanged by oxidation testing and showed no
relationship to microcrack formation.
•This work was sponsored by the U.S. Department of Energy.
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INTRODUCTION
Current interest in oxidation of UO2 spent fuel from commercial
light-water reactors (LWRs) under conditions appropriate to dry storage
provides a strong incentive for microstructural studies of oxidation
test samples by transmission/scanning transmission electron microscopy
(TEM/STEM) methods. Differences in measured oxidation rates and
tendencies to U3O3 powder formation for LWR spent fuel and unirradiated
UO2 have been attributed to microstructural effects of irradiation.i"3
However, these speculations have not been confirmed by direct
observation of the fission product phases and grain boundary structures.
In general, the microstructures of interest in LWR fuels are too small
to observe by optical or scanning electron microscopy. Analytical
TEM/STEM, a group of methods that combines microstructural observation,
compositional analysis and crystal structure identification at very high
spatial resolution, offers the potential for further insight into the
relationships between microstructure and oxidation attack in LWR fuel.
Due to the intense radioactivity of irradiated UO2, and its potential
for contamination, there have been few previous TEM studies of this
material. However, a recently developed method^ for preparing specimens
containing minimal quantities of radioactive material has made it
possible to routinely and safely prepare spent fuel for TEM/VSTEM
analyses. The present paper describes initial results obtained on preand post-oxidation test samples of commercial LWR spent fuels.
EXPERIMENTAL DETAILS
Point Beach and H. B. Robinson pressurized water reactor fuels were used
for this work. Both are moderate burnup (about 30,000 MWd/MTU) fuels
that had less than 0.1% fission gas release from the UO2 during
operation, and were expected to have very similar microstructures. H. B.
Robinson spent fuel has been extensively characterized for use in
nuclear waste disposal testing, and an approved testing material
designated ATM-1015»6 was used in the present study. The Point Beach
fuel samples came from a 230°C, 3000 hour oxidation test in which weight
gains were measured and oxide phases were determined by X-ray
diffractometry.1 Pre- and post-oxidation test samples of the Point
Beach fuel were examined. Specimens for TEM examination were prepared
from 100 to 250 um diameter particles that were picked at random from
the as-received material. (In future studies, we intend to use specimens
from selected locations in the fuel fragments.)
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The method used to prepare TEM specimens is described in detail
elsewhere,4 but is summarized here and illustrated in Fig. 1. In brief,
specimen preparation involves embedding a small particle of fuel in
epoxy at the center of a 3mm diameter washer (typical TEM specimen
diameter), grinding the composite specimen to a thickness of about 10
ym, supporting it with glued additional washers, and finally thinning
the fuel particle t perforation by ion micromilling. By this method,
sample radioactivity is limited sufficiently for preparation in a
glovebox and examination in an unshielded microscope, Also, the
possibility of contamination is minimized since the sample is held
captive in a strong epoxy/metal composite. Ion micromilling was
performed on a liquid nitrogen cooled stage to avoid specimen heating by
the ion beam. Electron microscopic examination was performed in a 120KV
analytical TEM/STEM equipped for energy-dispersive X-ray spectrometry
(EDS) and electron energy-loss spectrometry (EELS).
MICROSTRUCTURE OF LWR SPENT FUEL
In unoxidized spent fuel from the Point Beach and H. B. Robinson
reactors, the microstructures consist of 1 to 10 i»m diameter grains of
0-UO2 containing scattered second-phase particles, gas bubbles and low
densities of dislocations. The Point Beach fuel exhibited a wider
variation in grain size and also contained larger second-phase particles
than the H. B. Robinson material. In other respects, however, the
microstructures of the two fuels were similar. Grain boundaries, as
shown in Fig. 2, are coated with closely-spaced 2 to 10 nm diameter
bubbles in both materials. The bubbles on grain boundaries are thought
to contain fission product gases (xenon or krypton) that are mobile at
fuel operat-'ng temperatures. It may be possible to determine the gas
content of the bubbles by EOS or EELS analysis, but at present the
bubbles have not been analyzed. Inter-bubble spacings on the grain
boundaries are 5 to 10 nm, about the same as the bubble diameters, so
that the grain boundaries in spent LWR fuel provide easy paths for
oxygen penetration.
Second-phase particles are also concentrated at grain boundaries in the
spent fuel, and are also believed to form by precipitation of fission
products from solution in the UO2. The average particle size in the H.
B. Robinson material was less than 10 nm. In the Point Beach fuel
specimen, some of the larger (50 to 70 nm diameter) particles were
analyzed by EDS and found to contain Mo, Tc, Ru, Pd and possibly Rh.
Fig. 3 shows an EDS spectrum from a particle that was nearly free of
surrounding UO2 material. Small copper and iron peaks in this spectrum
came from the specimen holder in the microscope, and part of the
molybdenum may arise from secondary excitation of the Mo washers used in
sample preparation. The rhodium x-ray peaks are obscured by other
labelled peaks in the spectrum. Analyses of several randomly selected
particles all produced similar spectra. Although the phase is
compositionally similar to the "five-metal" metallic particles commonly
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Figure i. Preparation of Spent Fuel Particles for Transmission
Electron Microscopy.
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Figure 2. Transmission Electron Micrographs of Unoxidized Spent Fuel
showing Grain Boundaries Coated with Gas Bubbles and Solid
Fission Product Particles.
(a) H. B. Robinson Fuel.
(b) Point Beach Fuel.
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found in 100 to 1000 times larger sizes in fast-reactor fuels,7 the
particles have not yet been identified by electron diffraction analysis.
Small, unidentified second-phase particles and bubbles are also present
within the UO2 grains as shown in Fig. 4. Bubble/particle associations
visible in the micrograph are similar to those found in previous
transmission electron microscopy studies of irradiated fuel.8 In
general, the scattered particles with associated bubbles were found only
in grain interiors, and were not present near grain boundaries.
OXIDIZED SPENT FUEL
Oxidized Point Beach spent fuel differed from the unoxidized material
mainly by the occurrence of microcracking at grain boundaries, as shown
in Fig* 5. The microcracks consist of separate short crack segments, 0.5
to 10 nm in length, but are grouped so that they appear as wavy sheets
of discontinuous cracks that roughly parallel the grain boundaries at
distances of 10 to 20 nm from them. In some cases, e.g. at A in Fig. 5,
several parallel sheets of r.vicrocracks appear at about evenly-spaced
intervals from the gram boundaries. Also, the microcracks generally
curve around second-phase particles rather than go through the
particles. Apparent widths of the microcracks are only 0.5 to 1 nm.
Although an attempt was made to determine if material at the boundaries
had different crystal structures or crystallographic orientations than
the UO2 grain interiors, no definite differences were observed. Material
in the grain interiors was identified by electron diffraction analysis
as cubic ct-UOg. Examination of electron diffraction patterns for extra
spots indicative of ordering or other changes near grain boundaries was
inconclusive. Specimen tilting generally produced similar diffraction
image contrast changes in all material within a given grain, although in
a few cases (e.g. Fig. 6) material along the grain boundary appeared
noticeably different from the nearby UO2. However, more detailed
electron diffraction analysis is needed to identify the oxide phases
present near the grain boundaries. Fission product particles are
present along the grain boundaries in Fig. 6, but do not appear to
participate in the grain boundary oxidation process of the spent fuel.
DISCUSSION
Previously, it has been suggested that processes occurring during
reactor fuel burnup (e.g. macroscopic pellet fragmentation, radiation
damage, transmutation and fission product segregation to grain
boundaries) are responsible for
altering the oxidation behavior of UO2
fuel. Einziger and Woodley,3 for example, have speculated that gas
bubbles and fission products will migrate to grain boundaries at LWR
operating temperatures and provide interconnected paths for oxygen
penetration into the fuel. The present transmission electron microscopy
study provides the first microstructural comparisons of oxidized and
unoxidized spent fuel to confirm these ideas. Moderate burnup fuels from
the H. B. Robinson and Point Beach LWRs are found to contain
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densely-packed grain boundary arrays of small gas bubbles which should
provide easy paths for oxygen penetration. The bubbles do not appear to
be interconnected, but are separated by only 5 to 10 nm, and therefore
can short-circuit diffusion of oxygen into the fuel. Second-phase
particles containing fission products are also concentrated along grain
boundaries. However, these particles do not seem to play a major role in
the oxidation of spent LWR fuel. Average sizes of the fission product
aggregates were only about 10 nm, and the largest precipitate particles
were about 70 nm in diameter, i.e. well below the resolution limits of
optical microscopy.
The microstructures observed in this work are assumed to be
characteristic of moderate burnup, low gas release regions of the fuel.
However, only a few randomly selected samples (two oxidized, two
unoxidized) have been examined, and it is likely that some observations
relate to material inhomogeneity. Observed differences in grain sizes
and fission product particle sizes between Point Beach and H. B.
Robinson spent fuels, for example, may reflect limited sampling rather
than actual differences between the two fuels.
It is also possible that the microstructures are altered by ion
micromilling during specimen preparation. Although specimen heating was
avoided by cooling the specimens during ion milling, the argon ion
milling produces "black spot" radiation damage in UO2 and also can
produce small bubbles of injected argon gas. The best evidence that the
observations are not dominated by sample preparation artifacts is that
the observed microstructures vary with sample type, i.e. oxidized vs
unoxidized. Microcracks along grain boundaries, for example, were found
only in the oxidation tested material, and therefore appear to be a
feature of oxidation. Also, previous observations (not reported) of
unirradiated UOg samples prepared by the same procedures showed no
detectable gas bubbles in the matrix or at grain boundaries. Thus, the
gas bubble arrays observed on grain boundaries in spent fuel are
believed to be products of fuel burnup.
Although no crystallographically distinct oxide phases were identified
in the oxidized samples, the formation of microcracks along the grain
boundaries in oxidized fuel is taken as evidence for local oxidation
attack. By considering the nature of the oxide phases that form during
initial stages of UO2 oxidation, and the effect of these phases on
stress distributions near the grain boundaries, we can explain the
absence of crystallographically distinct higher oxides and the formation
of microcracks at the grain boundaries.
UO2 oxidation proceeds to at least UO2.33 (U3O7) through a sequence of
phases that
can form without major atom rearrangement of the a-UOg
lattice. 9 * 10 Fig. 7 indicates the ^-derivative phases formed during
initial UO2 oxidation at 150 to 250°C and their crystallographic
characteristics.
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Figure 6.
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Figure 7. Oxidation Sequences in U 0 2 at 150 to 300°C.
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Although a-U0£
can accommodate large amounts of oxygen at higher
temperatures,9 at 150 to 250°C UO2+X has very limited oxygen solubility
(x varies up to about 0.03) and is essentially just 0-UO2. B-U4O9 and
U3O7 are based on the same fluorite UO2 lattice but contain ordered
oxygen interstitials. Their formation requires no major rearrangement of
the UO2 lattice, but involves shrinkage of the fluorite pseudocell. 0U4O9 has a cubic superstructure four times the unit cell of <x-U02, and
should be easily identified by the presence of superlattice reflections
in electron diffraction patterns.H B-U3O7 is tetragonal with c/a =
1.03. These oxides all have higher densities than UO2. They can grow
coherently from UO2, and have small negative misfits with the UO2
lattice. U3O8 is the first oxide to form with a crystal structure
unrelated to UOj^ and has a much lower density than UO2.
Spent fuel oxidation at 200 to 230°C can be visualized as the sequence
of processes indicated in Fig. 8. Following rapid penetration of oxygen
along gas bubble-coated grain boundaries, a film of U3O7 forms at free
surfaces along the boundaries and oxygen diffuses into the grains.
Material near the boundaries transforms to U4O9 and then to U3O7. The
U4O9 and U3O7 have the same orientation as the UO2 grains from which
they grow, and form coherently with the UO2 crystal lattice.
The reason for microcrack formation along the grain boundaries becomes
apparent by considering the stress state that develops at the interface
between UO2 and the growing coherent U02~derivative phases. As
illustrated in Fig. 9, the negative misfit of the growing higher oxide
produces a shear stress in the plane of the growth interface and a
tensile stress normal to the growth direction. The normal stress can be
accommodated at the grain boundaries by allowing diffusional growth and
coalescence of voids at these boundaries. However, microcracks may be
needed to relax the shear stresses that develop at U4O9/U3O7 interfaces.
U4O9 apparently can form without crack formation, since large
crystals
of U4O9 have been prepared by direct conversion of UO2. 1 2 For U3O7,
however, the misfit strain of about 1.6% cannot be accommodated over
distances of about 30 lattice spacings without exceeding the cohesive
strength of the material. As the shear stresses build up at the oxide
growth interface to locally exceed the fracture strength, microcracks
develop along the interface to relieve these stresses. The apparent
length of the crack segments, about 10 nm, is consistent with the misfit
strain. Microcrack formation continues as oxidation proceeds into the
grains, leaving sheets of microcracks to mark the advance of the
oxidation interface. Evidence for multiple crack layering was shown in
Fig. 5. If oxidation at the grain boundaries proceeds to U3O8 formation,
the resulting volume increase can break the weakened fuel along
microcracks, and cause individual UO2 grains to be spalled off from
external surfaces.
Thus, the reason for microcrack formation adjacent to grain boundaries
in oxidized spent fuel is that the lattice shrinkage associated with
formation of coherent higher oxides produces large shear stresses
parallel to the interfaces. These stresses are relaxed by cracking until
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Figure 8. Oxidation Sequence in LWR Spent Fuel, based on Transmission
Electron Microscopy Observations.
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Figure 9. Lattice Misfit and Stress State at U0 2 Oxidation Interface.
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the growing oxide builds up new stresses and causes further sets of
parallel cracks.
The observation that most of the material in the oxidized fuel specimens
examined in this work remained as cubic o-U02 is surprising in view of a
3% oxidation weight gain measured for the test samples.1 If the material
oxidized uniformly with this weight gain, it should be somewhere between
U3O7 and U3O.8. The best explanation for this discrepancy is that the
material does not oxidize uniformly, and that the specimens used in this
study came from the interiors of fragments where oxidation had not
proceeded very far.
CONCLUSIONS
Initial transmission electron microscopy studies of spent fuel have
provided new insight into the distribution of fission products and their
effects on oxidation in air. The presence of densely packed arrays of
fission gas bubbles on grain boundaries in the spent fuel allows rapid
oxygen penetration during 200 to 230°C exposure in air. Fission product
phases in spent LWR fuel are very small, generally 20nm or less in
diameter. Oxidation initially proceeds from the grain boundaries inwards
by forming coherent U02~derivative phases such as U4O9 and U3O7. Growth
of these phases causes microcracking adjacent to grain boundaries and
consequent embrittlement of the fuel.
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The purpose of the session was to address those concerns affecting fuel
rod Integrity other than fuel oxidation. Four objectives of the session
were: 1) Identify the outstanding concerns, 2) determine which concerns
were Important to storage* 3) classify the concerns according to the
degree of solvability, and 4) identify the best methods to obtain the
necessary Information. Three mini papers (KohH on water-logged fuel rods;
Johnson on fuel tests; and Wood on SCC and delayed hydrogen cracking) were
presented and each participant briefly viewed his concerns about operative
degradation mechanisms.
Creep, stress corrosion cracking (SCC), delayed hydrogen cracking and
various modes of hydriding were considered to be possibly active in inert
gas storage. Storage in oxidizing atmospheres was not considered. It was
generally agreed that there was sufficient data base to predict the fuel
rod creep behavior, and the mechanism was not discussed further.
The majority of the discussion focused on SCC. Most of the panel agreed
with the view that the FRG tests
with significantly more Iodine than
would be available in a fuel rod, as well as modeling by Miller ,
Indicated that SCC was not a concern at the proposed temperatures for dry
storage. On the other hand, Wood was able to activate SCC at much lower
temperatures in 2000-hour tests although there was a stress level where no
SCC was observed. Peehs Indicated that spent fuel rods had cladding
stresses in the range where Wood predicts no breaches. In addition, since
thermodynamically all the iodine 1s in the form of Csl, which 1s stable,
there will be little If any free Iodine for SCC 1n a fuel rod. Wood
suggested that multi-year tests be conducted In the "safe stress" regime
but reasonable Iodine levels would have to be used. No one had any
evidence which Indicated that Iodine was the only corrosive species which
would activate SCC In a fuel rod.
Wood reported that 2000-hr delayed hydrogen fracture tests had been
performed on Irradiated cladding containing up to 130 wppm. At 200°C
stress Intensity was the dominant factor controlling failure and partial
through-the-wall cracks were observed at stress Intensity factors as low
as 2.5 MPa m. Peehs Indicated that during dry storage stresses of 75 MP«
and cracks of -100 m could be expected, which is 1n the safe operating
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regime based on Wood's data. Wood expressed concern that the apparently
safe operating regime defined by the 2000-hr tests could be misleading
when extrapolated to 40 to 100 year storage periods and suggested
performing long term tests in the apparently "safe operating regime" on a
statistically significant number of samples.
Based on whole rod testing, Kohli suggested that hydride reorientation
might cause problems. Johnson pointed out that the tes.;t rods were overpressurized so this effect may not occur in normal rods, but Einziger
indicated that the stress in the test rods was still significantly below
the threshold stress where reorientation is expected. Einziger and Wood
further indicated that the 270 to 250°C range was where you would start to
get enough hydride precipitation to cause problems—just the temperature
range where PNL
saw a rod failure at EMAD. The discussion on the
merits of looking for the breach 1n the PNL/EMAD test was inconclusive.
Oversby (LLNL) thought that even though the breach in the EMAD test may
not be located, any rod 1n the test could be examined for hydride
reorientation. Gilbert suggested that some simple tests be run to study
both hydride reorientation and hydride migration since both effects might
be related to fuel handling problems.
The accuracy and role of modeling were discussed: How much weight should
be given to modeling as opposed to or in conjunction with laboratory tests
or demonstration results. Johnson Indicated more modeling 1s necessary.
In order to be most useful though, Chin felt that better data on the
effects of annealing and hydriding on cladding properties and better
Incipient crack distributions are needed. Even with the most accurate
input data the accuracy of models is suspect since all the operative
mechanisms might not be Identified.
It was generally agreed that no absolve temperature limit for cladding
has yet been established. The DOE has tentatively established 380°C as
the limit, but limits as high as 450°C have been proposed. The maximum
temperature is a function of the time-at-temperature history and,
therefore, better temperature decay profiles (dT/dt) and uncertainties 1n
the profiles are necessary. It was also generally agreed upon that the
total back-end of the fuel cycle should be considered as a unit (i.e.,
systems integration) prior to establishing temperature limits on any one
segment of the cycle.
The chairman closed the session by expressing the thought that the vast
majority of the fuel rod cladding had proved Its effectiveness as a
barrier to radionuclide dispersal by two or more years 1n a harsh reactor
environment. While cladding may not ultimately be considered as a
radionuclide barrier, consideration should be given to storage and
disposal steps which would not destroy the cladding.
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INTRODUCTION
Most dry storage tests and demonstrations Involving Z1rcaloy-clad fuel
have been conducted 1n Inert cover gases. The availability of Irradiated PWR
fuel and an instrumented dry storage test module (Fuel Temperature Test or FTT
Facility) at the Engine Maintenance and Disassembly (EMAD) site in Nevada
prompted a dry storage test 1n air, Fuel characteristics and test conditions
are summarized elsewhere.' ' Not Included 1n the prior publication are results
of the post-test fuel examination. To date, that examination has involved
visual Inspection, photography, and analysis of swipes taken from fuel assembly
surfaces. This communication summarizes results of the examination and an
overview of the test interpretation and significance.
TEST OVERVIEW
Table 1 summarizes the history of assembly B02. Table 2 indicates assembly
B02 fuel characteristics and FTT test conditions. Heating was by a combination
of assembly decay heat and FTT electrical heaters. Assembly temperatures
were monitored by thermocouples placed in guide tubes. In the beginning, the
maximum rod temperature was raised to 275*C and was decreased on a ramp
simulating decay of a 1 kw assembly. The air cover gas was sampled periodically
for chemical and radiochemical species. Approximately two months into the
QC

test, Kr and He concentrations Increased markedly, corresponding to expected
free gas inventories in a single rod. Over 6000 Z1rci»loy-clad rods had been
in monitored dry storage when B02 rod failure was observed. The B02 failure
was the first Zircaloy rod failure observed during dry storage of LWR fuel.
After 24 months, the test was terminated and the assembly was inspected
In the EMAD hot cell by EMAD and PNL staff.
Detailed examination of the assembly to detect and inspect the failed rod
Is not planned In the near future, but may be conducted when the assembly 1s
disassembled for consolidation.
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TABLE 1 .
Location

I

en

Reactor

Storage
pool

Turkey Point (PWR) Assembly B02 H i s t o r y
Transit

Time, months

27.6 FPM

35

-0.1

Temperature, °C
(max. cladding)

<370 (ID)

<50

<150

BCL
~1
<100 c e l l
<30 pool

Transit

EMAO
silo

EMAD
vault

EMAD
FTT

EMAD
VdUlt

-0.1

30

6

24

12

<150

<150

<100

<275

<100

IMLE-2. PWR Assembly B02 Characteristics and Dry Storage
Test ConditionsKl'i)
Fuel Characteristics
Fuel type
Reactor
Discharge date
Burnup, MWd/MTU

Westinghouse 15 x 15
Turkey Point
November 1975
25,665

Heat o u t p u t ^ kw
Assembly length, m
Assembly weight, kg

0.5
3.9
665

Test Conditions
Cover gas
Temperature range of hottest rods, *C
Test duration, months
Highest assembly storage temperature
prior to the FTT test, *C

Air
275, decreasing to 220
24
150

(a) At beginning of FTT air
TFST RESULTS
Table 3 summarizes monitoring and inspection of assembly B02, Including
activities prior to arrival at EMAD. The comments below apply to monitoring
and Inspections associated with the FTT.
COVER GAS ANA1VSES
After the initial release of 85Kr and He, there was no further significant
indication of gas release, which might signal additional rod failures or release
of isotopes or particulates by oxidation of the U 0 2 fuel. The amount of Kr
released to the FTT cover gas by failure of a single rod is estimated to have
been 0.1 C1.
VTS1IAI

TNSPFCTION

The fuel assembly was visually Inspected on all four faces, Including rod
end caps. Visual access of Interior rods was limited. Therefore, only about
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TABLE 3.
Activity
A.

Sipping

Summary of Monitoring and Inspection for Turkey Point Assembly BO2O-3)
Location
• Shipping
cask

Method (s)

Wet

Frequency

• To BCL

Results
No indication of
leakerst 3 )

• To EMAD
B.

Visual

•
•
•
•

Reactor
BCL
EMAD

During fuel handling
During NDE
After silo
After FTT

No unusual appearance
No unusual appearance
No unusual appearance
No unusual appearance
(Mild reddish crud hue)

C.

NDE(a)

• BCL

Weight
Bow
Profilometry
Eddy current
Gamma scan

# Prior to dry storage
R&D

No f a i l e d rods
Potential incipient defects

0.

Cover gas monitoring

EMAD

Mass spec.
Radiocounting

• After s i l o t e s t

No rod f a i l u r e

• Monthly during FTT

One rod f a i l u r e

• After s i l o test
• Afzer FTT

No s i g n i f i c n t changes
during FTT

•3C

E.

Contamination
monitoring

EMAD

(a) Five rods examined at BCL.

Swipes on fuel
assembly surfaces

15% of rod surfaces was accessible to visual inspection. No evidence of the
failure location was evident, suggesting either that the site is too small to
be seen or is at a location not visually accessible.
The crud on the Turkey Point assemblies generally was dark and was not
apparent over large fractions of the fuel rod surface. Color changes are
difficult to determine through the hot cell windows, but there was some
suggestion that the crud on B02 had taken on a reddish tinge during the air
exposure, presumably due to formation of hematite (Fe2O3) by reaction of the
spinels (e.g., Fe2NiO4) with 0 2 .
ASSEMBLY SURFACE RADIATION ANALYSIS
Prior to placement 1n the FTT, 37 swipe samples were taken from assembly
B02 surfaces. Fuel rods on all four faces were sampled. Swipes also were
taken on lower nozzle. After the assembly was removed from the FTT, swipe
samples were taken on the "same surfaces. Comparison of counting data from
pre- and post-test swipe samples suggested that no significant radiation
releases could be detected.
VIDEOTAPING AND PHOTOGRAPHY
Full photographic mosaics in color were made of all four faces of
assembly B02 before and after the FTT. Prior to the FTT, videotapes (black
and white) were made of all four faces of assembly B02.
TEST SUMMARY
• Exposure of PWR assembly B02 in air at 275, decreasing to 220*C, represents
the first air storage test for LWR fuel.^1'
• The failure of a rod during the Fuel Temperature Test (FTT) on assembly
B02 1s the first failure detected In over 6000 Z1rcaloy-clad rods 1n
l
monitored dry storage as of 1984.(A)
'
• Estimates based on the Poiseuille equation suggest that the primary
cladding defect diameter was on the order of one micron.^ ' Calculations
suggest that over the maximum temperature range of the test, following
defect detection (270 • 220*C), oxygen Ingress through the small hole
would not have caused sufficient reaction (e.g., U0 2 * U 3 Og) to result In
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enlargement of the primary defect. ^ ' The data of Boase and Vandergraaf' '
suggest that a large cladding defect (e.g., 750 pm would have permitted
sufficient UO2 oxidation to enlarge the cladding defect).
• Prior studies have demonstrated that large cladding defects and elevated
temperatures can result in extension of cladding defects due to oxidation
of U0 2 to less dense species, e.g., U3O3/ '
• In general, primary storage-Induced defects are expected to be small/ '
Larger reactor-induced defects are more prone to effects of U0 2 oxidation.
However, large defects from reactor service represent a very small fraction
of irradiated rods.
• The location and cause of the rod failure in the air test on assembly B02
have not been determined. Reaction of the Zircaloy cladding with air is
not regarded as a factor in the failure;^ ' rod pressure, based on
(A)

v

pressures in sibling rods, ' was not sufficiently high to result in stress
rupture of normal cladding; manufacturing defects or end cap defects
might be expected to fail during the more severe reactor conditions; an
unusually deep incipient crack is currently regarded as the most likely
explanation for the cladding failure/ '
• The assembly B02 rod failure during the FTT caused no significant impacts
in subsequent assembly retrieval or handling operations. The Kr release
(-0.1 Ci) was a small fraction of releases relating to site boundary
limits.' ' There were no detectable particulate or fission product
releases attributable to the rod failure.
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INTRODUCTION
Up to one percent of the early vintage Light Water Reactor (LWR)
futii rods is believed to contain reactor-induced breaches. Upon determining
the: primary causes of fuel failure, improvements in fuel design, fuel
marufacture, and reactor operating procedures have substantially reduced fuel
failure rates. However, older fuel, with low rates of decay heat, is a prime
candidate for dry storage. Some breached fuel becomes water-logged due to
exposure to the nigh pressure reactor coolant and as a result of storage in
spent fuel pools. A previous study (1) conducted at Batteiie on two waterlogged Boiling hater Reactor (BWR) fuel rods containing reactor-induced
cladding failures showed that vacuum pumping at temperatures as low as 373K
resulted 1n release of significant moisture from the breached fuel rods.
Thfise results suggested that the effects on the fuel and on the storage system
components from the release of moisture to the dry storage atmosphere needed
to be investigated 1n more detail.
More recently, Peehs and Fleisch (2) studied the behavior of waterlogged PWR fuel rods on heating at 673K in a hot cell. The bulk of the water
(3-6 g per rod) could be removed during a simulated cask drying operation, the
temperature of release (^673K) suggesting that at least part of the water was
bound chemically with the fuel. The presence of Kr-85 and tritium was also
detected in the moisture released.
The primary purpose of the present work was to determine how much
releasable water is contained in breached spent fuel rods, the amount of water
released during an exposure to vacuum and temperature, and the effects of the
water on spent fuel rod integrity under dry storage conditions. The secondary
objectives of this work were to determine the degree of water migration in a
fuel rod and whether there are differences in this migration behavior between
failed and unfailed rods, and between BWR and Pressurized Water Reactor (PWR)
fuel rods. Conceivably, factors such as the oxygen potential of the fuel and
the fission gas release rates could play an important role in the mechanism
and extent of migration of water 1n PWR and BWR rods. The absorption and
release of water in an unfailed rod could be significant 1n the event of the
rod failing prior to cask loading or during wet consolidation, since the
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presence of the water in the rod could result in fission gas release to the
cask atmosphere during subsequent cask drying, as was observed by Peehs and
Fleisch (2).
To achieve these objectives, two well-characterized BWR fuel rods
containing reactor-induced breaches, and two unfailed fuel rods (1 BWR and 1
PWR) were tested in the hot cell at a heating rate simulating the temperature
rise in a storage cask during pump down and dryout operations. The moisture
release from the fuel rods was determined by weight changes monitored on a
moisture absorbent. This paper describes the results obtained.

EXPERIMENTAL DETAILS
Pre-Test Characterization of Fuel Rods
Defected Fuel Rods
The two defected BWR fuel rods used in the present study were
extensively characterized prior to testing. Rod 147 was from a 7 x 7 assembly
with an average burnup of 22.4 MWd/kgU and was nominally 1.44 cm in diameter.
Rod 113 was taken from an 8 x 8 assembly with an average burnup of 15.6
MWd/kgU and was nominally 1.28 cm in diameter. The rods were in pool storage
for about 126 Ms (four years) before they were shipped dry to the Battelle Hot
Cell Laboratory in West Jefferson, Ohio. The rods were stored dry and open to
flowing air atmosphere in the hot cell at an average cell temperature of 296K
for approximately 4-3/4 years prior to examination and testing.
Visual examination with a stereo-optical viewing system revealed
that both fuel rods contained large defects. Rod 147 had a large hole
approximately 4 cm from the bottom end of the rod (Figure la) and two long
cracks at 229 and 244 cm from the rod bottom (Figure lb and lc). These cracks
were identified as secondary hydride failures by metallographic examination of
sibling rods (Figure 2 ) . Rod 113, on the other hand, showed two large open
holes at approximately 89 and 92 cm from rod bottom through which the fuel was
visible (Figure 3a and 3b). In addition, a significant bulge was observed at
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approximately 246 cm from rod bottom (Figure 3d) which 1s assumed to be the
start of a secondary failure.
Pretest profilometry measurements revealed large bulges 1n Rod 147
at 229, 244 and 249 cm and a smaller bulge at 190 cm above the bottom of the
fuel rod, as shown 1n Figure 4. For Rod 113, the profilometry measurements
revealed several large bulges from 58-104 cm above the bottom of the rod. In
addition, other large bulges were evident at 116, 150, 193, 204, 246, and 249
cm above the bottom of the rod (Figure 5).
Gamma activity scanning showed some fuel loss from the defect
locations at 241-246 cm and 89 cm above the bottom of rods 147 and 113,
respectively (Figures 6 and 7 ) .
Intact Fuel Rods
The two intact fuel rods were also extensively characterized prior
to testing. PWR Rod 512 was from a fuel assembly with an average burnup of
approximately 40 MWd/kgU. BWR Rod 1937 was from the same assembly as Rod 147.
Visual examination of these rods showed them to be intact with no
evidence of any failures. The gamma activity scans and profilometry measurements revealed no unusual features or abnormalities. Both fuel rods were
punctured for fission gas collection and void volume measurements. As Table 1
shows, substantial volumes of fission gas were collected from each rod,
providing further evidence that these fuel rods were not failed.
Experimental Design
The apparatus shown in Figure 8 was designed and fabricated for the
present study. It consists of a two-zone stainless steel furnace tube (Zone M
A/120 cm long, Zone N-vl30 cm long) containing three collars to support the
fuel rod during the test. The furnace tube is connected to the gas inlet,
drying, and gas collection system with pressure-tight Swagelok fittings. The
purpose of the argon cover gas flow was to ensure that all moisture released
from the fuel rod was carried into the drying tower containing calcium
chloride, which was later changed to calcium sulfate to reduce the degradation
of the drying tower due to the exothermic reaction.
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The apparatus was designed to meet the following specifications.
The temperature of the center 180 cm of tha fuel rod (Zone N) was raised from
298K to approximately 673K at a heating rate of approximately 100K per hour
under vacuum pumping to simulate the temperature rise in a storage cask during
pump-down and dryout operations. The temperature at either end of the rod
(Zone M, approximately 120 cm long) was maintained at 473K during the test.
The test temperature was maintained until no further moisture release was
observed, as indicated by a weight change of +0.01 gm of the dessicant. The
temperatures were controlled to within 10 degrees. The test atmosphere was
argon, which was analyzed to determine whether detectable fission gas was
released.
To determine the experimental parameters for in-cell testing of the
fuel rods, a simulated out-of-cell test was conducted with a stainless steel
solid rod. The purpose of the out-of-cell experiment was to check out all
systems and to determine parameters such as argon cover gas flow rates, time
to achieve test temperature, temperature ramp rates, and pump down rate. In
addition, the furnace temperature gradient was established with a series of
thermocouples located along the tube. The temperature variation at any
location within Zone N did not exceed +10K with the axial temperature profile
shown in Figure 9. Following successful out-of-cell testing, the apparatus
was installed in the hot cell to perform tests with the fuel rods.
Test Specifications
Several tests were performed with each of the fuel rods.
The specifications for performance of each test are given below.
Rod 113
Test I. The rod was tested in the as-stored condition. The
moisture contained in the rod was measured by heating in the specified
temperature gradient.
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Test II. In this test, approximately 10 grams of water were added
to the fuel rod through a hole drilled in the plenum. The plenum was then
sealed and the moisture release was measured in the 473/673/473K gradient.
Test III. If no water were recovered in Test II, a hole was to be
drilled in the cladding approximately 300-330 cm from the bottom of the rod.
The rod was then heated in a 473/673/473K gradient and the water released was
measured.
Rod 147
Test I. This test was similar to Test I with Rod 113. The water
re'iease was measured from the fuel rod tested in the as-stored condition.
Test II. In this test, a hole was drilled in the plenum region of
the rod. The rod was then heated in the temperature gradient specified
earlier and the water release was measured.
Test III. The third test with Rod 147 required the addition of
approximately 10 grams of water to the rod through the hole drilled in the
plenum for Test II. After sealing the plenum, the rod was heated in the
furnace tube and the extent of water released was measured.
Test IV. For the last
13.8 MPa (2000 psi) Into the rod
to determine the amount of water
was then tested to determine the

test in this series, water was injected at
at ambient temperature. The rod was weighed
absorbed following vacuum injection. The rod
extent of moisture release.

Rod 1937
Only one test was performed with this BWR rod. Approximately 10
grams of water were added to the rod through a hole drilled in the plenum
region and the plenum was sealed. A second hole, approximately 3 E M in
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diameter, was drilled in the cladding between the ends of the 7th and 8th fuel
pellets from the bottom of the rod (~9 cm). The rod was then heated in the
specified temperature gradient to measure the amount of water released.
Rod 512
Only one test was performed with the PWR rod. The specifications
for this test were identical to those for BWR Rod 1937. The plenum was to be
injected with water (10 grams) and sealed. The second hole was drilled at
approximately 11 cm from the bottom of the rod (between the 7th and 8th fuel
pellets) and the test was performed to determine the extent of water released
from the fuel rod.
Test Procedure
The general procedure followed for all tests was to first prepare
the fuel rod for the specific test prior to loading in the furnace tube. This
involved, as required, drilling the cladding holes; water addition to the rod;
high-pressure water injection in an evacuated tube; and rod weighing.
Following preparation, the rod was loaded in the furnace capsule and
the power, vacuum and argon gas flow lines were connected. The fuel rod was
heated at the predetermined rate (100 K/hr) while evacuating the furnace tube,
to simulate cask dryout conditions. The amount of moisture released during
this heating period was noted by recording the weight change of the desiccant
at 240 second intervals. When the temperature of Zone N reached 673K, the
vacuum line was closed and the argon gas flow was started. Samples of the
argon cover gas were obtained to determine the presence of detectable fission
gas. Further moisture release was noted from the weight change of the
desiccant. The experiment was discontinued when no further weight change (+10
mg) was observed in the desiccant.
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RESULTS AND DISCUSSION
Rod 113
Test I. The first experiment was performed with Rod 113 taken
directly from storage. The rod was loaded 1n the furnace capsule and the
electrical, vacuum and argon gas flow lines were connected. The test results
are graphically illustrated in Figure 10, where time, temperature, pressure,
and weight gain data for the test are recorded. As can be seen, the bulk of
the moisture was released from the fuel rod in the first 1800 seconds after
startup, at a temperature of approximately 373K. No further moisture release
was measurable, as the temperature was raised to a maximum of 723K and then
maintained at 653K for 120 seconds.* Argon cover gas samples were obtained at
the times during the test indicated on Figure 10 and analyzed. The results of
mass spectrometric analysis (Table 2) showed the complete absence of
detectable fission gas xenon or krypton 1n the argon cover gas. This is in
contrast to the results reported by Peehs and Fleisch (2) 1n which both Kr-85
and tritium were released during testing of two water-logged PWR fuel rods.
Also, very little moisture was found in the present test, suggesting that the
rod contained almost no moisture to begin with. This assumption was confirmed
by inspection of the weight gain data: the total quantity of moisture
released from Rod 113 was 0.8 grams.
Since the Internal void volume of the rod was 57 cc, there could be
three reasons for the low moisture release from the rod. First, the present
test conditions do not provide sufficient driving force to release the
moisture trapped in the void spaces in the fuel column. This would be
particularly true 1f the water were combined chemically (U-O-H, Cs-O-H
compounds) rather than physically (pores, surface adhesion) in the fuel.

* This was the first test and it was performed 1n a two-step Zone N heating
mode to simulate cask drying operations (Zone M was maintained at 373K).
However, since the bulk of the moisture was removed at a temperature of
373K, It was decided to perform all subsequent tests in a single heating
mode (Zone N - 673K; Zone M * 473K).
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These tests do not lend themselves to detection of water very tightly bound to
the fuel. Second, the rod had been stored in an open tube and was exposed to
the flowing air atmosphere in the hot cell for approximately 150 Ms (4-3/4
years) prior to testing during which period additional drying could have
occurred, aided by air flow through the cell. More importantly, however, as
we have shown previously (1), vacuum pumping alone does not provide sufficient
driving force to remove the moisture contained in the plenum of failed BWR
rods. Less than 30 percent of the moisture in the rods tested previously was
released through large, open defects located sufficiently distant (~175 cm)
from the plenum. Significant quantities of additional moisture were then
removed from these rods after drilling a hole in the plenum and vacuum pumping
at 375-403K. Based on these results with sibling BWR rods, it was highly
possible that the bulk of the moisture in Rod 113 was also present in the
plenum. Since the plenum was maintained at approximately 373K in the present
test, there was sufficient thermal driving force to release any moisture, had
a defect been present in the plenum.
To test the third hypothesis, a 2.4 mm hole was drilled in the
plenum and the test was repeated. No further moisture was released, lending
credence to the second hypothesis of rod dryout due to long storage in the hot
cell.
Test II. Using a syringe, approximately 10 cc of water were added
to the plenum through the fission gas punch hole. The hole was then sealed
with a Swagelok connector. The rod was loaded into the test chamber, and the
experiment was started. The results are shown in Figure 11 which gives time,
temperature, pressure, and weight change data. About 75% of the added vater
was released within a test period of 3600 seconds, while increasing the
temperature to approximately 433K. The remaining moisture was released at a
much slower rate, although the temperature was raised to 673K. Apparently,
all of the moisture was released even before the argon gas flow was started,
since 10 grams of water had been collected until then and no further weight
gain in the drying tower was registered on the balance.
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Test H I . Since all the water added to the plenum was recovered,
from this rod 1n Test II, th1? test was not performed.
Rod 147
Test I. The rod was taken directly from cell storage and heated 1n
the test capsule. Pressure, temperature, and weight change as a function of
time were recorded. As in the initial experiment with Rod 113, no moisture
release was measured, although the test temperature was raised to 673K and
maintained for 1200 seconds.
Test II. Since no water was released in the first test and again
with the premise that the bulk of the water in the fuel rod is present in the
plenum region, a 2.4 mm hole was drilled in the plenum and the test was
repeated. As Figure 12 shows, this time approximately 0.5 grams of water were
collected from the rod, although moisture release did not commence until a
test temperature of 493K was reached. Also, all of the moisture was released
within 3000 seconds, which agrees with results of Test II on Rod 113.
Test H I . In this test, approximately 10 cc of water were added to
the plenum, which was then sealed with a Swagelok fitting. The rod was loaded
into the test chamber and the experiment was performed as specified. The test
results are shown in Figure 13. Again, most of the added water was released
in the first 3600 seconds, following which the rate of release was much
slower. The total moisture collected was 10.1 grams.
Test IV. In the final test, the plenum hole was sealed with a
Swagelok fitting and the rod was weighed (5661 g) prior to vacuum injection.
It was placed 1n a stainless steel pressurization tube with a 2.5 cm diameter
and 2.1 mm wall thickness. At one end of the tube, a threaded pipe with a
suitable fitting was welded to 1t through which water was filled in the
pressurization tube. At the other end of the tube, a 2.5 cm Swagelok fitting
was adapted to fit a 0.8 cm T-joint. One branch of the T-joint was connected
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to the vacuum pump for evacuation; the other branch was connected to a 0.16 cm
diameter helium pressurization line. The tube was evacuated to 5 Pa pressure
and then filled with water. Next, the water was forced into the rod at a
helium pressure of 13.8 MPa and the rod was reweighed (5715 g ) . The total
water introduced into the rod was 54 g. Following water logging, the fuel rod
was loaded into the test chamber and the experiment was started. The results
are shown in Figure 14. Inspection of the data shows that over 60 percent of
the added water was released within the first 3600 seconds, followed by slower
water release. Again, these results agree with results of earlier tests with
respect to the rate of moisture release. This agreement is surprising in some
respects, since water ingress in the present test could also have occurred
through the defects in the fuel rod located away from the plenum. Subsequent
water release would require essentially no axial migration, since the plenum
was sealed. On the other hand, the water logging tests with Rod 113 were
performed with the plenum sealed. Since the defects in this rod were located
at least 280 cm from the plenum, water release from the rod would require
substantial axial migration of the water.
Rod 1937
As required for the test with this fuel rod, 10 cc of water were
added through a hole in the plenum region and the plenum was sealed with a
Swage1ok fitting. A second hole was drilled in the cladding between the 7th
and 8th fuel pellets (~9 cm from the bottom of the rod) and the rod was loaded
into the furnace tube to start the test. To 424K no water release was measured in the drying tower. The hot cell stack alarm was set off, indicating
the release of fission gases from the rod. In addition, the vacuum pump
located outside the cell gave a radiation reading of 4 mR/hr. As a result, an
argon cover gas sample was collected and the test was discontinued. Analysis
of the gas sample (Table 3) showed it to contain mainly argon (96.5 percent)
and helium (3 percent) with traces of hydrogen and nitrogen. No xenon or
krypton were detected (detection limit = 0.0001%). The small amount of
hydrogen in the cover gas sample suggests that the bulk of the added water was

W-73

combined with the fuel. If the added water had oxidized the Zircaloy
cladding, the hydrogen content of the cover gas sample should have been
approximately fifty times higher (~10 percent). Release of free oxygen to the
capsule atmosphere due to the reaction
Zr(s) + x/2 H 2 0 (g) = Zr H x (s) + x/2 0 2 (g)
is thermodynamically possible. However, at the test temperature of 673K, all
of the available oxygen would be taken up by the Zircaloy cladding.
4.4 Rod 512
For the test with PWR Rod 512, only 6 cc of water could be injected
through a hole in the plenum region. The plenum was sealed. As before, a
second hole was drilled in the cladding at approximately 11 cm from rod bottom
(between the 7th and 8th fuel pellets) and the test was started. Again, the
hot cell stack alarm was set off, although the temperature was 605K and no
water release was measured in the drying tower. Also, the radiation reading
at the vacuum pump was 8 mR/hr and the test was discontinued.
Assuming the residual fission gas could be vented out, the plenum
seal was removed and the rod was reheated under vacuum pumping to 673K for 600
seconds. No further gas release was measured, suggesting that the residual
fission gas had been released during the test. Hence, the rod was reprepared
for a second water-logging experiment. Again, only 6 cc of water could be
added to the plenum, which was resealed and the test was started. This time
the furnace temperature was 673K when the stack alarm was set off. However,
no water release was measured in the drying tower. A cover gas sample was
collected and testing was discontinued. Analysis of the argon cover gas
(Table 3) gave results very similar to those with Rod 1937, except for
relatively high values for nitrogen (9.53 percent) and oxygen (2.90 percent).
This may be due to inieakage of air in the cover gas sampling system,
otherwise significant fuel oxidation would have occurred In the rod.
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The fact that no water was released during both tests with this fuel
rod lends support to the view that the water is combined with the fuel. This
would also help explain the Initial release of residual fission gas following
water addition, because the reaction with the water would tend to oxidize the
fuel and release the gas contained in the pores and bubbles in the fuel.
Since such a reaction tends to be diffusion-controlled and directly dependent
on the amount of water available, fission gas will be released only in the
presence of water, as was observed. In the tests of Peehs and Fleisch (2),
the two failed fuel rods were apparently only partially saturated with water
prior to testing. During subsequent heating to 673K, further oxidation of the
fuel took place, resulting in additional fission gas release. The evidence
from the present tests also suggests that axial migration of water in LWR fuel
rods takes place only if the fuel has been saturated with water and no further
oxidation of the fuel occurs.

SUMMARY AND CONCLUSIONS
A series of experiments were performed in the hot cell to obtain
information on the mechanism and rate of water migration/release in failed and
unfailed BWR fuel rods and an unfailed PWR fuel rod. The tests were conducted
by heating the rods variously containing water in a 473/673/473K temperature
gradient at a heating rate simulating storage cask pump-down and dryout
conditions.
Based on the results of this series of tests, the following
preliminary conclusions can be drawn:
(1) The bulk of the uncombined moisture contained in water-logged
failed fuel rods can be removed within 3600-4800 seconds of
heating in a 473/673/473K temperature gradient. The moisture
can be completely removed within 13,200 seconds, irrespective
of the size of the failure, in agreement with the results of
Peehs and Fleisch (2).
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(2) The water is present in uncombined physical form in failed fuel
rods and can migrate axially through the rod. This result
differs from the results of Peehs and Fleisch (2), who found at
least part of the water is bound chemically in failed fuel
rods.
(3) The 473/673/473K temperature gradient provided sufficient
thermal driving force to release all the moisture present in
the failed fuel rod.
(4) Reactor-injected water (at high pressure) in failed rods
behaves differently with respect to its migration and release
as compared with water added to the rods (unpressurized
addition).
(5) Axial migration of water in fuel rods can only occur if the
fuel has previously been exposed to reactor coolant (failed
fuel rods). In unfailed fuel rods, water added to the rod will
tend to be absorbed by the fuel and no axial migration occurs.
(6) In unfailed fuel rods, some fission gas is released from the
fuel on heating in the presence of water.
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TABLE 1. RESULTS OF FISSION GAS COLLECTION FROM INTACT FUEL RODS

Fuel
Rod
Type

Total Gas
Collected
(cc STP)

Plenum
Volume
(cc)

Internal
Void
Volume
(cc)

512

PWR

550

8

14

1937

BWR

517

18

57

Rod
No.

Percent
Fission
Gas
Released
0.5
21

TABLE 2. ARGON COVER GAS ANALYSIS FROM ROD 113 TEST I

Mole %

Gas
Sample

*

He

N2

A

02

1

ND*

56.56*

2

ND

0.43

15.77** 26.53
0.10

99. 16

H2

C02

H20

Xe

Kr

0.20

0.22

0.72

ND

ND

0.22

ND

0.09

ND

ND

ND = Not detected; detection limit = 0.0001&.

** These high values for oxygen and nitrogen are probably due to inleakage of
air in the gas collection system, otherwise significant fuel oxidation
would have occurred in the rod.
TABLE 3. ANALYSIS OF ARGON COVER GAS SAMPLES FROM
FUEL RODS 1937 AND 512

Constituent (molej?ercentl_

Rod
No.

Ar

H

He

N

0

C02

1937
512

96.5
86. 3

0 .19
0 .24

3.16
1.05

0 .13
9 .53

0 .006
2 .90

0.006
0.02
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UJ
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o
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HC 51277

HC 51267

400X

FIGURE 2. REACTOR-INDUCED HYDRIDE BREACH IN SIBLING
BUR FUEL ROD 123
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FIGURE 3. (continued) DEFECTS IN FUEL ROD 113
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WORKSHOP 2
STORAGE SYSTEM MODELING & ANALYSES

Third International Spent Fuel Storage Technology
Symposi urn/Workshop
April 8-10, 1986 Seattle, Washington
THURSDAY, April 10
Storage System Modeling and Analysis Workshop
MORNING SESSION - Gordon H. Beeman, Pacific Northwest Laboratory
Decay Heat
Cecil Parks, Oak Ridge National Laboratory
"The status of the ORIGEN/SCALE decay heat code."
Cal Heeb, Pacific Northwest Laboratory
"The use of ORIGEN2 for decay heat predictions of spent fuel."
Heat Transfer
Heinz Geiser, GNS - Germany
"The GNS approach to heat transfer."
Mike Mason, TN
"Transnuclear's Spent Fuel Cask thermal Evaluations."
Alan Wells, NAC
"NAC's approach to heat transfer."
Larry Efferding, Westinghouse, NCD
"Westinghouse s approach to heat transfer modeling."
Other Panel Members
Les Brown, Rockwell Hanford Operations
John Massey, NUTECH Engineers
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STORAGE SYSTEM MODELING AND ANALYSIS WORKSHOP
DECAY HEAT
Work Discussed
"The status of the ORIGEN/SCALE decay heat code" by Cecil Parks, Oak Ridge
National Laboratory.
The original ORIGEN family of codes was released 1n 1973. Since that time a
considerable amount of time and effort have gone Into these codes. A principal
benefit of using ORIGEN-S Is that it provides radiation source strengths and
spectra (neutron and gamma) in user-specified energy group structures. This
code was used by the NRC to develop Regulatory Guide 3.54, "Spent Fuel Heat
Generation in an Independent Spent Fuel Storage Installation." ORIGEN-S has
been compared to a limited amount of data and has been found to agree with
the data to about 5%.
"The use of 0RIGEN2 for decay heat predictions of spent fuel" by Cal Heeb,
Pacific Northwest Laboratory.
Spent fuel decay heat generation rates have been calculated using the ORIGEN2
code and compared with 133 calorimeter measurements. These measurements were
taken from 81 spent fuel assemblies. Measurements were taken from both 6WR
and PWR spent fuel. Cooling time for the spent fuel ranged from 860 to 4566
days. Measure heat outputs ranged from 19 to 1550 watts. 0RIGEN2 calculations
agreed with the measurements with the calculations being an average of 2.8%
higher than the measurements.
Areas of Agreement
A substantial amount of work has been done on the ORIGEN/SCALE decay heat
computer code and on the 0RIGEN2 decay heat computer code. In the case of
the 0RIGEN2 computer code, 1t has been compared against actual data on spent
fuel heat generations rates obtained by calorimetry. Predictions on decay
heat of PWR and BWR fuel assemblies are within 3% of measured values for spent
fuel with cooling times up to 10 years. In order to obtain this accuracy in
predictions, a detailed power history of the spent fuel assembly must be used.
If an average power history Is used predictions can exceed the data by up to
20%.
It was decided that either ORIGEN/SCALE or 0RIGEN2 provide sufficient accuracy
for determining heat generation rates for the Interim storage of spent fuel.
Areas of Disagreement or Uncertainty
Due to an Inability to predict the contribution of decay heat from actinide
build-up at long cooling times, neither may code provide accurate predictions
for the long term storage of spent fuel that would be of Interest In repository
design.
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Future Needs
It was decided that the work done on spent fuel calorimetry and U s comparison
to 0RIGEN2 predictions should be used to revise NRC Regulatory Guide 3.54.
In addition, the contribution of the actinides to decay heat at long cooling
times should be evaluated.

HEAT TRANSFER
Work Discussed
"The GNS approach to heat transfer" by Heinz Geiser, GNS - Germany.
GNS's approach to heat transfer relies heavily on experimental evaluation of
the dry storage casks using both electrical heaters and actual spent fuel
assemblies. They have conducted tests on each of their dry storage casks that
are being offered commercially. The results of these tests are then used to
qualify their heat transfer codes. It appears that GNS will continue to conduct
actual tests of their dry storage casks as they feel that this Is what 1s
required for their country (Germany).
"Transnuclear's spent fuel cask thermal evaluations" by Michael Mason,
Transnuclear.
Computer modeling Is performed only on the cask body and the basket. Maximum
fuel rod temperatures are estimated using correlations such as the WootonEpstein method. TN uses the ANSYS computer code for their thermal analyses.
Some thermal testing has been done using electrical heaters. The results of
these tests have shown that convection Is a major component 1n dry storage
cask heat transfer. In the past, convection had been neglected by TN but now
they are taking the necessary steps to account for convection.
"NAC's approach to heat transfer" by Alan Wells, Nuclear Assurance Corporation.
NAC takes a conservative approach to heat transfer analyses. In general, they
have neglected the contribution of convective heat transfer 1n their thermal
analyses. NAC uses ANSYS for their heat transfer analyses. To date, they
have not conducted any tests of their storage systems.
"Westinghouse's approach to heat transfer modeling" by Larry Efferding,
Westinghouse.
Westinghouse uses WECAN to do a finite element heat transfer analysis of their
dry storage casks. Analyses are done using a cross-section of the cask and
an axial section of the cask. The Information gained from this analysis Is
also used 1n the structural evaluation of the cask. The Westinghouse cask 1s
designed for optimum performance with consolidated spent fuel.
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Areas of Agreement
Computer codes that are presently available to the public use empirical
relationships to account for natural convection and radiation (rod to rod)
within the dry storage system. Experimental work done by GNS,TN and PNL has
shown that these computer codes tend to be very conservative when attempting
to predict temperatures inside the dry storage system. However, after the
data from the test have been made available to the analyst, good agreement can
be found between the predictions and the data. This can provide a false sense
of confidence when the computer code Is used to analyze a storage system that
Is different from the previous one.
In the FRG, GNS has relied heavily on experimental verification of storage
system temperatures when attempting to obtain storage licenses from their
licensing authorities. In the United States, cask vendors have used
conservative analyses when applying to the NRC for license for storage. Both
approaches have been accepted. However, testing Is quite expensive and
conservative analyses can lead to storage systems that are not optimally
designed and have an unnecessarily low heat load rating.
PNL Is working with two existing computer codes that are being modified to
address heat transfer 1n dry storage systems more directly. These two heat
transfer computer codes are COBRA-SFS and HYDRA. They are three-dimensional,
finite-difference codes that use the principles of mass, energy, and momentum
to more accurately account for the three modes of heat transfer. These two
codes are being compared against data being obtained from various dry storage
system tests. To date, these codes have been very good at predicting the
results of these tests. Therefore, current computer codes can be used if
conservative results are acceptable, or If more accurate Information is needed
for design analysis, COBRA-SFS or HYDRA should be used.
It was generally felt that a sufficient number of tests have been performed
on dry storage casks using Intact spent fuel.
Areas of Uncertainty or Disagreement
It was agreed that the behavior of consolidated spent fuel in dry storage
needs to be studied.
Future Needs
Test data on consolidated spent fuel are needed. PNL was encouraged tc complete
the documentation of the COBRA-SFS and HYDRA computer codes as soon as possible
so they could be released to the public for general use.
Now that sufficient test data are available, the Wooton-Epstein method should
be reviewed and revised as necessary.
It would also be of benefit If a correlation method s1m1ltar to Wooton-Epstein
were developed for consolidated spent fuel.
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Spent Fuel Decay Heat Calculations Using ORIGEN-S
0. W. Hermann, C. V. Parks and J. C. flyman
Nuclear Engineering Applications Department
Computing and Telecommunications Diyision
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831

The primary purpose of this presentation is to discuss the status
of the ORIGEN-S code and its use in calculating spent fuel decay heat
values. However, to better put the subject in perspective, a brief
review of the basic similarities and differences between the available
ORIGEN codes will be provided.
The original ORIGEN code1 was released in 1973 and has since been
updated to produce two separate codes - 0RIGEN2 2 and ORIGEN-S. All
three of these codes use the same basic model and numerical scheme.
However,
the updated
versions
have data libraries which are
significantly improved from those of ORIGEN. The updated versions of
ORIGEN also provide burnup dependent cross-sections and a number of
minor modifications (e.g., calculation of fission energy release) that
are improvements over the original version. The primary differences
between ORIGEN-S and 0RIGEN2 are in the nuclear data libraries used by
the two codes. Both codes use virtually identical decay data (halflife, branching ratios, and recoverable energy per decay) and photon
data (energies and intensities of gamma- and x-ray spectra). There are
differences in the cross section and fission product yield data,
however.
The 0RIGEN2 code uses specific cross section and fission product
yield libraries which have been developed for a number of reactor
models. Here, a reactor model means a combination of a particular kind
of reactor and a specified fuel cycle, for example, a uranium-fueled PWR
using a once-through fuel cycle. Several cross section libraries are
available for different reactor models'* and work is currently being done
at ORNL to update the libraries for the latest reactor designs. The
cross section libraries for 0RIGEN2 were developed by performing
detailed multigroup reactor physics and depletion calculations for each
of the reactor models, and collapsing the multigroup libraries to one
group for use by 0RIGEN2. Burnup-dependent cross sections for the
important actinide nuclides are built into 0RIGEN2 for each rsactor
model.

Operated by Martin Marietta Energy Systems, Inc. under contract
DE-AC05-84OR21100 with the U. S. Department of Energy.
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In contrast, one of the primary objectives in developing ORIOEN-S
was that the calculations be able to utilize multi-energy-group neutron
flux and cross sections in any group structure. Utilization of the
multigroup data is automated via the COUPLE code which was developed in
conjunction with ORIGEN-S. COUPLE uses the multigroup data to update
nuclide cross sections and calculate appropriate ORIGEN-S spectral
parameters (THERM, RES* FAST) to be used for nuclides where multigroup
cross sections are not provided. ORIGEN-S can be run stand-alone using
available card image data libraries or with one or more time-dependent
binary libraries that are created with COUPLE. A principal benefit of
using ORIGEN-S is that it provides radiation source strengths and
-&B£C_tra (neutron and gamma) in user-specified energy group structures.
The 0RIGEN2 code produces one-group neutron sources and gamma sources
in a fixed group structure, as did the original ORIGEN code.
ORIGEN-S and COUPLE were developed as modules of the NRC-sponsored
SCALE 5 modular computational system. Within SCALE, multigroup fluxes
and cross sections are provided to COUPLE via the XSDRNPK module - a 1-D
discrete ordinates transport code. Burnup-dependent libraries are
created for ORIGEN-S by employing successive passes through XSDRNPM-S
and COUPLE using the desired multigroup cross-section library. Each
successive XSDRNPM-S
calculation uses
irradiation-time-dependent
compositions evaluated by CRIGEN-S and pertinent information on the
reactor history which affects the lattice cell flux calculation. This
procedure is automated in SCALE with the SAS2 control module whose
program flow is shown in Figure 1. After completion of an irradiation
simulation, SAS2 can be halted and stand-alone ORIGEN-S runs used to
1) decay the reactor discharge concentrations or, 2) perform another
burnup calculation using the burnup-dependent libraries created during
the SAS2 calculation (typically with souse minor change in the reactor
description or irradiation history that does not warrant a repeat of
the SAS2 calculation).
ORIGEN-S, COUPLE and SAS2 have received heavy use in applications
that require ths data library flexibility that is available. These
codes were also used to calculate the tables of decay heat values used
in the USNRC Regulatory Guide 3.54.5
The decay heat values in the
Regulatory Guide were obtained for various fuel enrichments and burnup
times using a specific power of 37.5 MW/MTU and for "typical" (80$
uptime, 20$ downtime) and "conservative" (100$ uptime in last cycle)
reactor histories. A 27-group ENDF/B-V cross-section library was
employed in the analyses. Comparison of calculated results with
measurements available at the time indicated a 5$ conservative bias on
the calculated values. As a further check the fission product decay
heat for all cases in the Regulatory Guide were compared against the
ANSI/ANS-5.1-1979 standard.7 At about two years decay the ANSI standard
calculated between 9$ and 401 higher than ORIGEN-S due primarily to use
of a simple and conservative neutron capture correction factor in the
ANSI standard.
At times greater than 10 years, th* capture effect is
small and the ANSI standard and ORIGEN-S v'^ie differed by less than 2$.8
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As part of the ongoing maintenance and enhancement of the SCALE
system, potential improvements in the data and methods for SAS2/0RIGEM-S
calculations are continuously evaluated and appropriate changes are made
when deemed beneficial. For instance, comparison with 0RIGEM2 revealed
that the omission of beta-delayed neutron branching fractions in the
ORIGEN-S libraries had a bigger effect on fission product concentrations
than anticipated. Inclusion of these fractions using ENDF/B-V data
(ORIGEN2 uses ENDF/B-IV) indicates a 2.5* drop in the total decay heat
for 10 year cooled PWR fuel with a burnup of 33 GWD/MTO. More recently,
work has been performed to improve on the SAS2 procedure for updating
cross sections during burnup.8 The new procedure generates a more
accurate flux spectrum by allowing better simulation of the overall fuel
assembly features (e.g. water holes, burnable poison rods, etc.). Early
verification work indicates an improved comparison of ORIGEN-S actinide
concentrations with measured nuclide data. Work on this improvement is
continuing.
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COMPARISON OF SPENT FUEL DECAY HEAT RATE 0RI6EN2
PREDICTIONS AND CALORIMETER MEASUREMENTS *
C. M. Heeb
Pacific Northwest Laboratory
Rich!and, Washington 99352
ABSTRACT
Spent fuel decay heat generation rates calculated using the 0RIGEN2 code are
compared with 133 calorimeter measurements of the decay heat rate from 81
spent fuel assemblies. The comparisons Include both BWR and PWR assemblies.
The range of decay tirre covered by the comparisons 1s from 860 to 4566 days
out of reactor at the time of measurement. The exposure range of the measured
assemblies 1s from 5.3 to 39.3 Gwd/Mt1hm. The measured heat outputs ranged
from 19 to 1550 watts. It was found that the ORIGEN2 calculations agreed with
the measurements with the calculation being an average of 2,8% higher than
the measurement. The standard deviation of the difference between the
calculation and the measurement was 10.9%.
•This work was sponsored by the U.S. Department of Energy and the
Electric Power Research Institute.
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INTRODUCTION
The design and operation of spent fuel storage and transportation systems
depends on accurate estimates of spent fuel decay heat generation rate. Since
the development of the 0RIGEN2 code ' in the begining of this decade, most of
the transportation and storage technology development and demonstration in
the U.S. has employed this code to calculate the heat generation rate of spent
nuclear fuel. The wide-spread use of 0RIGEN2, both in U.S. and also in other
countries makes the verification of Its accuracy especially Important.
To verify the accuracy of the code predictions it was necessary to measure the
actual heat output rate of spent fuel and to compare the results of measurement
with code prediction. The measurement comparisons covered a range of exposure
and decay times which is broad enough to encompass the spectrum of spent fuel
exposures and decay times anticipated for current commercial reactor spent
fuel discharges. The predictions were performed without a knowledge of the
measured result, or were completed prior to the measurement.
The verification of ORIGEN2 decay heat rates was first carried out for PWR
fuel assemblies ' and then extended to BVIR assemblies (References 3,4 and 5).
The purpose of the present paper 1s to bring together all 133 prediction and
measurement comparisons and to analyze the complete set statistically. This
procedure establishes the uncertainty of an ORIGEN2 decay heat rate prediction.
The OR1QEN2 computer code Is a general purpose burnup and decay code featuring
extensive data libraries containing information on over 1200 nuclides. The
code can be used to perform transmutation calculations in steps of constant
power or constant neutron flux. Decay calculations can be performed on the
resulting nuclide concentrations and a variety of output edits can be selected.
One of these 1s the thermal power edit option which produces sums of the product
of decay rate and decay energy for each Isotope in the library.
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DESCRIPTION OF THE ASSEMBLIES AND DECAY HEAT RATE MEASUREMENTS
All measurements of decay heat generation rate for the assemblies described
here were made with the Water-Boiloff Spent Fuel Calorimeter at the Engine
Maintenance Assembly and Disassembly (EMAD) facility located on the Nevada
Test Site, or with the Morris 1n-pool calorimeter designed, constructed and
operated by General Electric's Morris Operations for the Department of Energy.
Details of the measurements are contained In References 2,3,4 and 5. The
EMAD calorimeter measurements consist of seven measurements of five Turkey
Point PWR assemblies. All other measurements were done with the Morris
calorimeter.
The spent fuel assembly generic data is shown in TABLE I below:
TABLE I
Spent Fuel Assembly Description
Assembly
Cooper Station
Dresden
Monticello
San Onofre
Point Beach
Turkey Point

T

BWR
BWR
BWR
PWR
PWR
PWR

7x7
7x7
7x7
14 X 14
14 x 14
15 x 15

Clad
Zr
Zr
Zr
304SS
Zr
Zr

Manufacturer
Assemblies Meas
General Electric
54
81
General Electric
3
2
General Electric
6
25
Westinghouse
8
9
Westinghouse
6
8
Westinghouse
5
7

The Turkey point measurements were made 1n the EMAD calorimeter. The other
PWR measurements were made 1n the Morris calorimeter. 0RIGEN2 Input information
for all PWR assemblies is contained in Reference 2 as well as predicted versus
measured decay heat rate results.

W-105

The first BWR assembly measurements and analysis were sponsored by the Electric
Power Research Institute (EPRI). These results on ten Cooper Station assemblies
and one Dresden assembly are reported in Reference 3. The remaining Cooper
Station and Dresden assembly measurements were done under DOE sponsorship and
are reported 1n Reference 4. The Monticello measurements and analysis were also
under DOE sponsorship and are reported in Reference 5.
ORIGEN? DECAY HEAT RATE PREDICTIONS
ORIGEN2 Predictions of PWR Decay Heat Rates
The PWR predictions are described 1n detail in Reference 2. The operating
history representations used In code Input are somewhat simplified due to
lack of detailed operating history. Within cycle downtime was absorbed between
operating cycles and all operating periods are at 100% power. Cycle effective
full power days (EFPD) are preserved. Cobalt content of the steel-clad San
Onofre assemblies was assumed to be 0.1 weight percent In the clad.
ORIGEN2 Predictions of BWR Decay Heat Rates
The BWR predictions are described in detail 1n References 3,4 and 5. The
complete cycle operating history was available for each BWR as well as the
end of cycle (EOC) exposure for each BWR assembly. This made possible a very
detailed operating history representation 1n the 0RIGEN2 Input. The Importance
of the operating history detail to the predicted decay heat rate was determined
by a set of sensitivity calculations described in Reference 3. Several BWR
assemblies were re-insertedf that Is they were held out of reactor for one or
more operating cycles and then reloaded} for an additional cycle of operation.
The problem of BWR core steam voids and the possible effect on the decay heat
rate prediction from 0RIGEN2 was addressed prior to making any predictions.
Sensitivity studies using cross sections altered to represent various steam
void contents were performed. It was found that no correction need be applied
to the 0RIGEN2 BWR libraries due to core steam voids.
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COMPARISON AND ANALYSIS OF PREDICTED AND MEASURED DECAY HEAT RATE
Comparison Results
Predicted and measured decay heat rates for the PWR assemblies are shown in
Figure 1. The San Onofre results all group within the single standard deviation
range of 51.7 watts. The Turkey point assemblies with the highest decay heat
rates are outside the one standard deviation range, however the two Turkey Point
assemblies with the lowest heat outputs are well within the range. Only one
Point Beach assembly 1s outside the range. All out of range points were on
the conservative side, that is ORIGEN2 over-predicted the measured decay heat
rate.
Predicted and measured decay heat rates for the BWR assemblies are shown In
Figure 2. The single standard deviation range of 18.1 watts is shown. About
twenty of the 81 Cooper Station measurements are outside the range. Of these,
only three are on the non-conservative side. Fifteen of the 24 Monticello
measurements are outside the range on the non-conservative side.
Figure 3. displays both PWR and BWR results. The combined standard deviation
is 28.9 watts. Only the five Turkey Point measurements, and one Point Beach
measurement are outside of this range, and they are on the conservative side.
Analysis of Results
A bivariate regression analysis of the difference between calculated and
measured decay heat rate as a function of discharge exposure and decay time
was performed on the complete set of 133 points. The results showed no
significant trend in the difference between the ORI6EN2 prediction and the
measured result with either discharge exposure or decay time.
A comparison of the measurement sets 1s shown in TABLE II. The averages and
standard deviations of calculated minus measured value (C - M ) , and the ratio
of calculated minus measured value to the measured value (C - M)/M are shown.
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TABLE II
Comparison of Averages and Standard Deviations
C -M
(C - M)/M
Std. Dev.
Avg.
Data Set
Avg. Std. Dev.
Cooper Station BWR
.016
.074
2.3
17.9
-.113
Monticello BWR
-14.2
.128
13.1
.256
.201
4.0
4.8
Dresden BWR
San Onofre PWR
15.7
23.4
,031
.050
-.018
.045
Point Beach PWR
-15.5
37.5
.056
.036
Turkey Point PWR
72.9
51.2
All BWRs
-1.4
-.009
18.1
.117
22.0
All PWRs
.022
.054
51.7
All Data
2.8
-.003
.109
28.9

CONCLUSIONS
0RIGEN2 has predicted the measured spent fuel decay heat rate to less than
3 watts average with an over-all average standard deviation of less than 29
watts for 133 calorimeter measurements of the decay heat rate. The average
difference between the calculated and measured value was larger for PWRs than
for BWRs as was the standard deviation around the average. In terms of
percentage of the measured value, the average of BWR measurements was within
1% of the calculation and the PWR measurements averaged within 2.2% of the
calculation. However, because the PWR assemblies had a higher thermal output
than the BWR assemblies, the standard deviation of the PWR assemblies was
5.4% of the measured value, while It was 11.7% for the BWRs.
No trend in the discrepancy between calculation and measurement was found for
the range of decay times and discharge exposures of the measured assemblies.
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PWR PREDICTIONS AND MEASUREMENTS
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Figure 1. 0RIGCN2 Predicted Decay Heat Rate and the Measured Decay Heat Rate for PUR Fuel
Range Shown is One Standard Deviation of 51.7 w.

BWR PREDICTIONS AND MEASUREMENTS
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INTRODUCTION
TN's approach to the thermal evaluation of its casks has
changed rapidly in the last few years. With the recent
advances of computational applications in heat transfer, most
of the thermal analyses are now performed using suitable
computer models. Computer simulation of heat transfer has
allowed unnecessary conservativism to be removed without over
predicting the thermal performance of a cask.
The thermal performance of a cask is analyzed in three (3)
stages:
(i) Cask body evaluation which includes the lid, the
shell, the seals and the impact limiters,
(ii) Basket evaluation, and
(iii) Fuel rod temperature evaluation.
Computer modeling is performed only in the cask body and basket
stages. Maximum fuel rod temperatures are estimated using
correlations, such as the Wooton-Epstein correlation, with the
average basket temperature calculated in the hottest fuel
compartment.
TN also performs tests to demonstrate thermal performance.
Test results can be used to validate computer models.
COMPUTER CODE
ANSYS is the computer code used by TN for thermal analyses.
This code is a multipurpose finite element code which can
perform thermal and structural analyses. Major advantages of
using ANSYS are:
(i) thermal stress analysis is easy to perform,
(ii) radiation boundary conditions can be handled,
(iii) properties can be varied as a function of
temperature, and
(iv) the code is well documented and easy to use.
MODELING TECHNIQUES
Computer models are made as simple as possible by taking
advantage of symmetry. If possible, the models are designed
for both structural and thermal analyses so that thermal-stress
evaluations can be performed with minimal data manipulation.
Recent cask designs (TN-BRP, TN-REG) were evaluated using
separate models for the cask body and the basket.
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An axisyminetric cask body model was developed for use with both
structural loadings and thermal boundary conditions. As a
result a thermal-stress analysis was easily performed. The
model included the lid, shell and the impact limiters. Thermal
boundary conditions were natural convection and insolation on
the outer surface, and a linearly varying heat flux profile
along the cavity wall of the cask body. Heat transfer was
permitted in the radial and axial directions. All thermal
properties were entered as a function of temperature. The
TN-BRP ANSYS model is shown in Fig. 1.
For analysis of the fire accident, a slice through the cack
body was analysed. The thermal mass of the cavity contents
were neglected to simplify the analysis. The regulatory fire
accident boundary conditions (transient) were applied to the
outer surface of the body. Heat transfer was allowed in the
radial direction only and thermal properties were entered as a
function of temperature.
The basket models for the TN-BRP and TN-REG Casks were
complicated due to the "egg-crate" nature of the basket. A
three dimensional model of the basket was developed. Heat
transfer was simulated along a plate around slots, and across
gas gaps at the slots to the intersecting plates. No credit
for thermal contact between interlocking plates was taken.
Boundary conditions were radiation heat transfer from the
periphery of the basket to the cavity wall. Natural convection
was neglected. The decay heat loads from the fuel assemblies
were distributed uniformly in each compartment. Fig. 2 shows
the ANSYS model developed for the TN-BRP basket.
THERMAL TESTS
Thermal testing with the TN-24P Dry Storage Cask is a recent
example of the extensive thermal testing which has been
performed by the TN groups. The TN-24P is a storage cask with
a forged steel body and an "egg-crate" type basket. It is
designed to carry 24 PWR fuel assemblies with a total heat load
of 24 kw. Thermal tests using 24 electric heaters were
performed to study the effect of orientation and the backfill
gas on the temperature distribution in the basket.
Thermocouples were attached to the basket and cavity wall as
shown in Figure 3. In addition, external thermocouples were
placed around the cask body.

W-136

The maximum basket temperatures (30 kw heat load) were found to
be 218°C/ 228°C, and 273°C for He, N2 and vacuum,
respectively. The results of the testing show that
temperatures and thermal gradients in the basket are
significantly lower if He is used as the backfill gas. Better
heat dissipation out of the basket is obtained due to the high
thermal conductivity of He.
Orientation also plays an important role for heat dissipation.
Temperatures in the basket and body were about 10 to 15% higher
when the cask wa r horizontal. This is mainly due to reduced
internal convect .1 in the horizontal orientation. In the
vertical orientation, the lid and top of the basket were the
hottest which is a result of strong convective heat transfer
inside the cask.
It is evident from the thermal tests that convective heat
transfer is an important mechanism for a vertical storage
cask. Historically, TN has conservatively neglected this
because it is difficult to analytically model and TN's casks
usually offer the horizontal-vertical storage option. However,
from results of on-going test programs and computer code work,
credit for thermal convection can be evaluated, thus allowing
heat load increases for storage casks in a vertical orientation.

0570C
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FIGURE 1
TN-BRP ANSYS MODEL (BODY)
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FIGURE 2
TN-BRP ANSYS MODEL (BASKET)
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Thermal Analysis for Spent Fuel Casks

Alan H. Wells, PhD
Nuclear Assurance Corp.
5720 Peachtree Parkway
Norcross, 6A

30092

Thermal analyses for spent fuel storage or transportation
must demonstrate that the heat produced in the fuel will be
removed without causing excessive fuel cladding temperatures or
cask surface temperatures.

The time required to ship fuel from

a reactor to another site is a matter of days so temperature
control during shipment is a short term concern and
temperatures of 1100-1200 degrees F are acceptable in a
hypothetical fire scenario, but storage is envisioned for
twenty years or more and temperatures are limited to 380
degrees C (716 F ) . Elevated temperatures do more that weaken
fuel cladding: the materials of the fuel basket also weaken
with higher temperature, thermal stresses may cause cracks to
form in welds, and impact limiter materials may soften or
degrade.

The high temperatures of a fire cause loss of liquid

neutron shields and may cause solid materials to char and
insulate a cask after the fire.
Calculation of cask temperatures depends upon three heat
transfer mechanisms: radiation, conduction, and convection.
Radiation is the dominant heat transfer mechanism in fuel for
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transportation casks with helium or air-filled cask cavities,
such as the NLI-1/2 truck cask, and well-defined methods for
calculation of clad temperatures for fuel assemblies are
available.

Consolidated fuel with the resulting triangular rod

arrays is a more difficult problem because less research and
testing has been done for such fuel.

The conduction heat

transfer mechanism normally dominates the heat transport within
the fuel basket and cask body, but it may be important to fuel
cladding temperatures at the lower temperatures present during
fuel storage.

Conduction is the dominant mechanism for

shipments of fuel with a water-filled cask cavity as was done
in casks such as the NAC-1 truck cask.

Conduction is also

dominant for fuel temperatures of consolidated fuel, and
calculations performed by computing an effective thermal
conductivity of the rod/water or rod/helium mixture have given
good results.

Rod-to-rod contact conduction does not appear to

play as important a role as conduction through the rod/fluid
mixture.

The role of convection is important to fuel

temperatures in spent fuel pools and to the exterior of cusks,
but convection is less important for consolidated fuel or fuel
shipments because of the limited or variable convection
conditions.

Convection is less important for helium-filled

casks than for air-filled casks because of the greater
conductivity of helium and the reduced density gradients in
helium.

It is not difficult to combine the effects of these

separate heat transfer mechanisms because they are Independent.
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Thermal analysis needs that can be satisfied by future
research include resolution of the maximum allowable
temperature for dry storage in air or helium, and development
of correlations for the maximum rod temperature for assemblies
in helium.

Defensible models for rod temperatures for

transportation and storage of consolidated fuels are needed to
aid the cask designers and USNRC reviewers as interest in fuel
consolidation increases.

Finally, more data and better

materials for fuel baskets are required to accomodate storage
for 20 years at temperatures of 500 degrees F or more.
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WESTINGHQUSE DRY STORAGE CASK
• High integrity (fracture toughness) cask wall
• Three closure lids with redunaant sealing (metallic
o-ring/elastomer o-rings/seal weld)
•

Inherent energy absorption features on cask surface
(deformable fins and "captured" neutron-absorber
material)

• Basket design with continuous full-length support of
spent fuel assemblies
• Design provides for optimization of consolidated
canister storage
• Conservative heat extraction capability with positive
conduction paths and external fins
• corporate resources utilized to integrate cask/fuel
structural behavior.
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Steady-State Thermal Analysis Theory. The
basic equation for the steady-state thermal analysis is
[KT1 (Tj -

|Q apo j + |Q gen ! + IH] (Toi

lc T ) | t j + IKT) IT; - [Q app | + !Qgen!
|TJ
0J

where

where

[KT] is the thermal conductivity matrix of the
structure including the contribution
due to convection
(T| is the nodal temperature vector, which
is the solution of the set of simultaneous equations
|Qappl is the applied heat flow rate vector at
the nodes
00

Transient Thermal Analysis Theory. The basic
equation for the transient thermal analysis is:

<s the heat flow vector at the nodes due
to internal heat generation in the elements
IH] is the thermal conductivity matrix of the
structure due to the forced convection
which is acting on the convection surfaces
(Toj is the equivalent medium (bulk) temperature vector
The set of linear equations is solved by the
Wave Front Equation Solver. The resulting solution vector of nodal temperature is printed out. If
the thermal conductivity of the material is temperature dependent or if there are radiation elements, the calculated temperature distribution is
used for the calculation of the conductivity matrix for the next iteration.

|Tj is the nodal temperature vector
jt|

is the time derivative of nodal temperature vector

ICT] is the specific heat matrix for the entire
model
IKT1 is the thermal conductivity matrix,
including convection contribution
lQapp! is the applied nodal heat flux vector
is the nodal heat flux vector due to the
internal heat generation
[H] is the thermal conductivity matrix of
the structure due to the forced convection acting on the element convection
surfaces
|T0J is the equivalent medium (bulk) temperature
The above equation is solved with step-by-step
integration by a generalized Crank-NicholsonGalerkin or quadratic integration scheme.
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STORAGE SYSTEMS MODELING AND ANALYSIS
Afternoon Session
Thursday, April 10, 1986

Panel Members
Chairman: C. L. Brown, Rockwell Hanford Operations
Cochairman: Gordan Beeman, Pacific Northwest Laboratory
Larry Efferding, Westinghouse, NCD
Carl Feldman, Nuclear Regulatory Commission
Urban Jenquin, Pacific Northwest Laboratory
John Massey, NUTECH Engineers
M1ke Mason, Transnuclear
Cecil Parks. Oak Ridge National Laboratory
Tom Robbins, Pickard, Lowe, & Garrick
Marty Schwartz, Lawrence Livermore National Laboratory
Alan Wells, Nuclear Assurance Corporation
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STRUCTURAL ANALYSIS
Presentations
Marty Schwartz* Lawrence Livermore National Laboratory
Mr. Schwartz discussed key current structural Issues 1n material
selection for cask construction. Standards were summarized for austenitic
stainless steels* ferritic steels* ductile cast Iron, and borated stainless
steel. Emphasis was on the fact that there are NO guidelines for STORAGE
casks.
John Massey, NUTECH Engineers
Mr. Massey discussed the shielding and structural considerations in the
NUHOMS cask system design. Modeling tools used to perform the licensing
analysis were described. For canister integrity* the drop test was found to
be governing.
Key Knowns/Areas of Agreement
o Structural Issues have caused the longest delays 1n licensing dry casks.
o A movement away from the credible accident requirements of 10 CFR 72
1s not occurring.
o Aluminum 1s well characterized.
Key Unknowns
o No licensing criteria exists for design of dry storage casks.
o No structural standards exist for ductile cast Iron over 200 mm thick,
borated stainless steel; and certain other materials used 1n dry storage
cask design.
o Guidelines needed regarding vibration requirements for dry cask transport.
Work in Progress/Needed.tp Resolve Unknowns
o Develop licensing criteria for dry storage casks.
o Identify and Initiate structural material standards work for new
materials.
o Identify performance tests applicable to dry storage cusks.
NOTE: Some of the above work 1s 1n progress* but was not specifically
Identified in the workshop.
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SHIELDING
Presentations
Cecil Parks, Oak Ridge National Laboratory
Mr. Parks presented the ORNL perspective on recent developments in
shielding and c r i t i c a l i t y analysis. Shielding and c r i t i c a l 1 t y codes and
crosssections sets In use a t ORNL were summarized. Considerable time and
expense has gone Into the development of the SCALE syster (Table 1 ) . The
TORT three-dimensional DOT code 1s also used. A key Issue Is the adequacy of
experimental benchmarks for code validation.
Urban Jenquin, Pacific Northwest Laboratory
Mr. Jenquin discussed the application of the QAD-CG and DOT-4 codes for
the shielding and c r i t i c a l 1 t y analysis of the REA-2023 and Castor-lC BWR
storage casks. Calculated gamma-ray dose rates are a factor of two too high.
Calculated neutron do rate range from good t o a factor of four high.
For the RE-2023 casks neutron dose rates range from good t o a factor of
four high; gamma-ray dose rates range from a factor of two high to a factor
of four low. For the Castor-lC cask* neutron dose rates range from a factor
of two to a factor of four high; gamma-ray dose rates are a factor of two
high.
Key Knowns/Areas of Agreement
o

Goal of SCALE system development has been ease of Input.

o

ORIGEN-S code 1s used to develop source spectra.

o

Large differences in the accuracy of shielding calculations are expected
due t o orders of magnitude reduction in the source term.

o

Comparisons t o benchmarks Indicate source term 1s 1n error.

o

Uncertainty 1n source term for end f i t t i n g s 1s related to uncertainty 1n
cobalt content.

o

Shielding codes depend on source term and shape of source,

o

Skyshine Is considered 1n analyses,

o

CINDER 1s a good, viable code.

o

Analytical methods are highly advanced, but too few experimental
benchmarks.

o

Large difference between measured and calculated neutron dose source term;
calculations are too high.
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o Primary neutron sources in fission products are Cm-242 and Cm-244; also
(alpha* neutron) reactions source of neutrons.
o QAD code 1s reasonably accurate.
o DOT code 1s conservative by a factor of two to four.
Key Unknowns
o Too few experimental benchmarks for shielding code validation.
o Gamma ray analysis problem may be 1n group structure; structure appears t o
be too broad.
Work 1n Progress/Needed t o Resolve Unknowns
o Measured cask dose rates from CSFMP w i l l soon be available.
o A cross section library 1s needed for cask shields; may be a p i t f a l l 1n
modeling assumption.
o ORNL w i l l release an update of ORIGEN-S code 1n 1987.
o Experimental benchmark status needs t o be assessed t o Identify benchmarks
needed.
CRITICALITY ANALYSIS

Presentations
Tern Robbins, Pickard, Lowe, & Garrick
Mr. Robbins presented the procedures and analytic techniques that have
been used t o successfully license spent fuel rack designs* which achieve
hiigher storage densities by taking credit 1n the c r i t i c a l 1ty safety analysis
for the reactivity losses that result from the 1n-core Irradiation of nuclear
f u e l . Using these procedures* spent fuel storage rack designs have been
analyzed and licensed for the storage of both whole fuel assemblies and
consolidated fuel rods 1n canisters for operating reactors.
Messrs. Jenquin and Parks addressed c r i t i c a l 1 t y analysis 1n t h e i r
presentations.
Key Km
o KENO Va Monte Carlo code 1s highly advanced for cr11;1cal1ty analysis.
o

A significant number of c r i t i c a l 1 t y experiments have been performed with
fresh LWR f u e l ; none with Irradiated f u e l .
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o Very limited number of c r i t i c a l 1 t y benchmark experiments available for
consolidated fuel rods.
o There does not seem t o be sufficient comparison of calculated predictions
experimental data.
o Three spent fuel racks with Intact fuel assemblies have been licensed with
credit for burnup; one rack has been licensed for consolidated spent f u e l ;
a l l were PWR reactors.
o ENDF-B/IV cross sections are well benchmarked.
o ORNL 1s evaluating the consolidated fuel rod cMticals performed by
Babcock and WUcox.
o KENO Va w i l l calculate triangular pitch.
o Effect of burnup on PWR f u e l , 3.75 wt* U-235 enriched, 18 GWD/MTU, twoyear cooled, estimated t o be as follows:
—

neutron multiplication constant reduced from 1.417 t o 1.230.

—

correspond t o fresh fuel enrichment of 1.8 wtJ? U-235.

—

reactivity drop due 1/3 t o f i s s i l e Inventory decrease and 2/3
t o fission products.

Remaining Unknowns
o Critical1ty experiments are needed for consolidated fuel and spent fuel.
o More comparison of calculated predictions of critical1ty to experimental
data are needed.
o A functional, reliable burnup meter 1s needed.
Work 1n Progress/Needed to Resolve Unknowns
o Additional critical1ty experiments are needed with consolidated fuel.
o ORNL 1s funded to calculate and evaluate effect of burnup credit.
o Comparison of calculated predictions of critical1ty to experimental data
need to be expanded.
o A critical1ty experiment with spent fuel to provide a benchmark for
calculations 1s needed.
o Work to Implement the use of a suitable "burnup meter11 with spent fuel
assemblies needs to be continued.
o Better communication 1s needed to rapidly diseminate new Information
on codes, methods, and experiments.
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TABLE 1 .

Functional Modes
NITAWL-S
BONAMI-S
ICE-S
COUPLE
KENO-IV
KENO-Va
XSDRNPM-S
MORSE-SGC
XSDOSE
ORIGEN-S
HEATING6
JUNEBUG-II
HEATPLOT
REGPLOT
PLORIGEN

SCALE System Components

Data Base
218 Grp. ENDF/B-IV
27 Grp. ENDF/B-IV
123 Grp. GAM-THERMOS
16 Grp. HANSEN-ROACH
18 Grp. GAMMA
27-18 Grp. COUPLED
22-18 Grp. COUPLED
STANDARD COMPOSITIONS
ORIGEN-S DATA LIBRARIES
LLNL THERMAL PROPERTIES
CRITICAL EXP. INPUT DATA

MISCELLANEOUS
MARS GEOMETRY PACKAGE
SUBROUTINE LIBRARY
DRIVER
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Control Modules
CSAS1
CSAS2
CSAS4
SAS-2
SAS3
SAS4
HTAS1
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KEY CURRENT STRUCTURAL ISSUES IN
MATERIAL SELECTION FOR CASK CONSTRUCTION
f
2

M. M. SCHWARTZ
NUCLEAR SYSTEMS SAFETY PROGRAM
LAWRENCE LIVERMORE NATIONAL LABORATORY
PRESENTED TO:
THIRD INTERNATIONAL SPENT FUEL STORAGE
TECHNOLOGY SYMPOSIUM/WORKSHOP
SEATTLE, WASHINGTON
APRIL 10, 19S6

fnssp
H

i

Sfi«TV PflOGflflM

NUC«flfl SVSTCMS S

ESTABUSHING STRUCTimAL DESIGN CRITERIA FOR CASj^COHTOjOTSJ!!^^
o

NO GUIDELINES FOR SLQRA&L CASKS

o

10 CFR PART 72.72 REQUIRES USE OF QUALITY STANDARDS SUCH AS:
ASME BPY CODE
ASTM STANDARDS

o

REGULAMY 6UIDES/TECHNICAL REPORTS APPLICABLE TO TRANSPORT CASKS
BUT
NOT NECESSARILY APPLICABLE TO SIQBAfiL CASKS
EXCEPT
FOR CONSTRUCTION Of DUAL PURPOSE CASKS.

A key issue that has emerged relating to material selections for cask construction
is the establishment of design criteria for components important to safety. At present,
no NRC guidelines exist for storage cask structural design criteria. However, since 10
CFR Part 72.72 requires the use of quality standards for design, fabrication and testing,
standards such as the AS ME Boiler and Pressure Vessel Code and ASTM are considered
applicable.

In addition, NRC regulatory guides established by the Transportation

Certification Branch may be used although they are not necessarily applicable to storage
casks. However, since there is a tendency toward the construction of dual purpose casks,
consideration of Transportation Certification Regulatory guides are relevant. Moreover,
an accidental tip-over or drop on a hard surface for a storage cask could result in
dynamic loads equivalent to those in a transport cask with impact limiters dropped from
thirty feet.
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ESTABLISHING STRUCTURAL DESIGN CRITERIA FOR CASK COMPONENTS IMPORTANT TO SAF
MATERIALS CONFORMING TQ EXISTING STANDARDS

STORAGE

TRANSPORTATION

NRC REG GUIDE 7.6

NRC REG GUIDE 7.6

NORMAL

NRC REG GUIDE 7.6

NRC REG GUIDE 7.6

ACCIDENT

FRACTURE INITIATION

FRACTURE ARREST
NUREG/CR-1815 <4" THICK
NUREG/CR-3826 >*• THICK

MATERIAL

LOADS

AUSTENITIC
STAINLESS
STEELS

NORMAL

I

en

FERRITIC
STEELS

ACCIDENT

In the case of cask components constructed of austenetic stainless steel,
Regulatory Guide 7.6 is applicable for both storage and transportation casks under both
normal and accident design conditions.

For ferritic steels, Regulatory Guide 7.6 is

applicable for normal conditions for both storage and transportation casks. However,
casks made from ferritic steels are required to demonstrate an ability to resist fracture
under dynamic load conditions. For transportation casks, recommendations for selecting
ferritic steels to resist fracture are documented in NUREG/CR-1815 for thicknesses less
than or equal to four inches. Recommendations for selecting ferritic steels to resist
fracture for thicknesses above four inches are documented in NUREG/CR-3826. For
casks used exclusively for storage, the lower risk of an accident involving large dynamic
loads and the fact that the ISFSI is within a controlled area allows a lesser degree of
conservation for fracture resistance.

Consequently, whereas ferritic steels for

transportation casks are required to demonstrate fracture arrest behavior at - 20°F,
storage casks need only demonstrate that they can resist fracture initiation given a flaw
twice the maximum size allowed by inspection.
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ESTABLISHING STRUCTURAL-DESIGN CRITERIA FOR CASK COMPONENTS IMPORTANT TO SAFETY
MATERIALS FOR WHICH NO STANDARDS EXIST

MATERIAL

LOADS

STORAGE

TRANSPORTATION

DICTILE
CAST
IRON

NORMAL

NUREG/CR-3760 FOR
STRESS INTENSITY
LIMITS

NO GUIDE YET

THICK >%"

ACCIDENT

FRACTURE INITIATION

FLAWED CASK
DROP TEST

BCRATED
STAIW.ESS
STEEL

NORMAL
ACCIDENT

In the case of materials such as ductile cast iron for the cask body and borated
stainless steel for the basket, we have a serious difficulty in establishing design criteria
in accordance with codes considered to be quality standards. The thickness of the ductile
cast iron used for the storage cask is outside the range for which existing standards are
applica? e. A study documented in NUREG/CR-3761, has been conducted by LLNL to
determine acceptable design criteria for ductile cast iron under both normal and accident
conditions. No firm recommendations have emerged, as yet, relating to transportation
casks except the insistence that resistance to brittle fracture under dynamic loads be
demonstrated by a full scale drop test of a flawed cask.

Suggestions for the test

conditions and a method for establishing maximum allowable flaw size for production
casks appear in this study.

The structural design criteria suggested in this study are

applicable provided that the cast iron demonstrate a ductility corresponding to a
minimum of 12% elongation as required by DIN specifications for fully ferritic ductile
cast iron. For casks used exclusively for storage, the criteria for normal conditions have
been applied without the roinimuw ductility mandated for transport casks. In addition,
resistance to brittle fracture need only be demonstrated by resistance to fracture
initiation rather than by a full scale drop test.
In the case of borated stainless steel which has been proposed as a material for
basket construction, no studies have been conducted to determine acceptable structural
design criteria. To assist the reviewer in assessing the adequacy of the design, it is
essential that the properties of this material be fully described and the basis for the
structural design criteria be thoroughly documented. NUREG/CR-3760, though it applies
to ductile cast iron, suggests a procedure for characterizing materials that are in
accordance with AS ME code rules for adopting new materials. These suggestions are
equally valid for borated stainless steels.

SHIELDING CMCULATION TECEHIQUES OSED IN
THE DESIGN OP FOBL STCHIAGE SYSTEMS
S. S. Hang

J. V. Massey

NUTBCH, Inc.
ABSTRACT
This paper addresses the shielding design and analysis of a
concrete modular spent fuel storage system.
Particular attention is given
to comparing various computation techniques in determining bulk shielding
thickness, and also in dealing with the radiation streaming effect through
the air exit penetration openings in the module.
Three computer codes
QADMOD, AJNISN, and DOT-IV were used to solve the same problem. In addition,
hand albedo calculation were done to augment the result of the QADMOD calculation to properly deal with the surface scattering.
I.

INTRODUCTION

The NUTECH Horizontal Modular Storage (NUHOMS [1]) System is an
independent
irradiated
fuel
storage
installation designed
to store
irradiated fuel in a safe, dry environment (see Figure 1 ) . It is a modular
storage facility consisting of a dry shielded canister (DSC), a concrete
horizontal storage module (HSM), an on-site transfer cask, a cask skid and
trailer, and a hydraulic ram. All the components in the storage system have
a design life of 50 years or more. The canister is 37 inches in diameter,
has a half-inch thick steel shell and an internal basket designed to hold
seven PWR spent fuel assemblies. Both ends of the canister are shielded by
two-inch thick steel closure plates and a five-inch lead shield plug. The
HSMs are typically built in eight-module units which hold a year's fuel discharge from a 1,000 MWe reactor. The module walls and roof are made of 3.5feet thick reinforced concrete.
On the roof slab there are two off-set
slots (4 inch x 36 inch) which allow air flow to exit. The air inlets are
in the front face of the HSM.
This paper describes the shielding calculation techniques used in the
design of the NUHOMS system.
Of particular interest are the shielding
calculations performed on the DSC-HSM model (Figure 2) which represents a
NUHOMS test and demonstration unit.
The shield plug at the end of the
canister has two cut-off edges to accommodate a site-specific transfer
cask.
Surface dose rates at several critical detector locations were
calculated for the purpose of determining the nominal surface dose, in
addition to assessing integrated dose received by operating personnel. The
overall effectiveness of the bulk shielding was measured by examining the
dose rates at the centerpoint of the concrete wall (A) and at the DSC
centerline (G). Dose point I is given to show the overall source stength
from the canister surface.
Dose rates near the air exhaust slot opening
(points B, C, and H) were determined to address the effect of radiation
scattering and streaming through the penetrations. Dose points D, E and F
show the effect of the cut-outs in the DSC end shielding and the reflected
radiation streaming through the DSC - HSM gap. Three major analyses methods
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(i.e., point kernel plus albedo method, one-dimensional transport and twodimensional transport calculations) were employed in solving the problem.
II.

RADIATION SOURCE

The radiation source strength of the irradiated fuel assemblies (IFA)
was determined by first using the updated version of the ORIGEN computer
code (ORIGEN2 [2]) to generate the radionuclide characteristics of the
fuel.
The reactor modeled is a PWR refueled yearly with 22.2 tons of
uranium that contains 2.9 wt% U-235 as initial enrichment.
The fuel is
irradiated for three power cycles at a specific power of 35.5 MM/MTU,
resulting in a fuel burnup of 35,000 MWd/MTU.
Table 1 gives the summary
description of the reactor/fuel model.
The radionuclide characteristics of the IF As as a function of decay
time were calculated by ORIGEN2. The radioactive source term, used for the
NUHOMS shielding design, is for IF As which have been discharged from the
reactor for five years.
Table 2 shows the gamma and neutron generation
rates
per
a
seven
assembly-canister.
The
gamma
source
includes
contributions from fission products, activation products, and actinides in
the spent fuel.
The neutron activities due to (a , n) and spontaneous
fission are considered in the neutron source.
The U-235 thermal fission
spectrum calculated by Watt [3] was assumed for the neutron source.
III.

CALCULATION MODEL

Three computer codes were used in solving the problem.
The point
kernel gamma shielding code QADMOD [4] was used and augmented by albedo
calculations where penetrations are concerned. The one-dimensional discrete
ordinates code ANISN [5] was used in a scoping study, and for the estimation
of the secondary gamma contribution.
The two-dimensional transport code
DOT-IV [6] was used as the verification of the final design.
In both the
ANISN and DOT-IV models the Bugle-80 multigroup cross sections
(a coupled
47-neutron, 20-gamma-ray, P 3 , cross section library was used.
In all three models, the fuel material inside the canister is modeled
as a homogenized cylindrical source zone with diameter approximating the
outermost dimension of the fuel assemblies (88.06 cm). Masses of fuel,
structural materials, guide tubes, hardware, etc., are all taken into
consideration. Table 3 shows the material densities used in each model.
A.

DOT Model

In the DOT model, cylindrical coordinates were used with reflected
boundary conditions assumed at the midplane of the module and at the
centerline of the canister to simulate the symmetric system (Figure 3 ) .
Macroscopic cross-section data were prepared by the Group-Organised Cross
Section Input Program [61. An S 1 Q P 3 approximation with an unbiased angular
quadrature set was used to obtain the neutron and gamma fluxes at the HSM
roof and the DSC end shield.
Fifty-six fine mesh points were assigned
axially with mesh spacing no more than 1.14 en near the vicinity of the duct
opening in order to scrutinize localized streaming effect.
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B.

ANISN Model

The ANISN code was used with an SgP 3 approximation for calculating the
dose rate at detector A. Cylindrical coordinates were used in this ANISN
model. For detector E, an ANISN calculation using slab geometry along the
axis of the canister was performed using an S 1 2 P 3 approximation.
C.

QADHOD Model

In the QADMOD approach, the DSC-HSM system was modeled with Cartesian
coordinates as shown in Figure 4. For detectors A, B, C, and H the dose
rates are determined by first calculating the exiting energy flux from the
canister surface (assuming a lead buildup factor). The gamma flux from the
concrete surface is calculated by using the canister surface spectrum as a
source in conjunction with concrete buildup factors.
The first-order scattered gamma radiation to detector C is calculated
by first estimating the direct line of sight surface areas in the slot (See
Figure 4 ) . Then the Chilton and Huddleston [7] formula is used to calculate
the differential dose albedo

K (6 ) 1 0 2 6 + C

C
a (E , 0 , 6, <fr) -

,

(1)

1 + tcos9 /
J
o cos6
where K (6 ) is the Klein-Nishina differential energy scattering coefficient
for scattering angle 6 # and C. and C_ are parameters dependent on the
initial energy of photons.
The total dose due to reflected gamma-rays in the slot is

DR g = J

D Q ( E Q , 6 Q ) cos6 o a ( E Q , QQI

6, *) d^dfi ,(2)

o bounded by A
s
where D
angle

(Eo»

8)

is the dose due to gamma ray of energy E , incident at

V
A personal
calculation.

computer

program

IV.

was

written

for

this

part of

the

RESULT

Results of the shielding calculations using the three computation
techniques described are given in Table 4. The gamma and neutron dose rates
along the centerline of the module roof are plotted in Figures 5 and 6
respectively.
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As expected, at {joints away from the air exhaust duct, the radiation
dose on the roof surface was treated satisfactorily by all methods.
The
lower concrete density applied in the QADMOD model (2.3 g/cc vs. 2.46 g/cc
in DOT) could be part of the reason that the QADMOD result is higher at
detector A.
The neutron and gamma dose outside the canister surface at detector I
shows satisfactory agreement between all the calculations.
As explained in the previous section, the QADMOD result of the gamma
dose rate at the air exhaust slot opening (detector C) includes the direct
attenuation component (200 mrem/hr) and the first-order reflected component
calculated by the albedo method (1800 mrem/hr).
It is lower than the DOT
result for two reasons: (1) multiple surface reflection was not included,
(2) the DOT analysis models the slot penetration circumferentially whereas
the QADMOD analysis models the actual slot size and geometry.
Near the module front opening and at the canister end shield,
scattering from the module interior concrete wall contributes significantly
to the dose level at the shield plug surfaces (detectors D, E, F and G ) .
This causes underestimations by both the QADMOD and ANISN calculations.
In addition to the results presented here, it was also found that the
secondary gamma radiation does not contribute significantly to the dose at
any of the detector locations. In most cases, the secondary/ primary gamma
ratio is less than 1%.
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Table 1
SUMMARY DESCRIPTION OF REACTOR/FUEL MODEL

Parameter

Value

Thermal power, MW(t)

2,300

Average specific power, MW(t)/
MTIHM

35.5

Average fuel burnup, MWd/MTIHM

35,000

Irradiation duration,
full-power days

985.0

Refueling cycle length,
full-power days

328.33

Reactor

416.7

days at 78.9% capacity factor

Fuel Assembly
Initial enrichment, wt% U-235

2.90

Overall assembly length, m

4.057
21,504 * 21.504

Cross section, cm
Fuel element length, m

3.861

Active fuel height, m

3.658

Fuel element OD, cm

.9055

Fuel element array

15 * 15

Fuel elements/assembly

204

Assembly total weight, kg

643.3

Uranium/assembly, kg

426.5

tK^/assembly, kg

483.8

Zircaloy/assembly, kg

129.8

Hardware/assembly, kg

29.7
159.5

Tota]. metal/assembly, kg
3

0.1876

Nominal volume/assembly, m

W-T 73

Table 2
SOURCE TERM FOR SHIELDING ANALYSIS
(PER 7 • ASSEMBLY - CANISTER)

GAMMA SOURCE:
4.01-i-16

photon/sec

MEAN ENERGY
(MEV)

(1.48 + 16 MeV/sec)

GROUP FRACTION

0.4

7.42-2

0.8

8.08-1

1.3

1.141

1.7

2.96-3

2.2

1.69-3

2.5

7.39-5

3.5

1.21-5

6.15

1.98-8

NEUTRON SOURCE:
1.17-1-9 neutron/sec
N{E) = 0.484 e E sin h
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Table 3
MATERIAL DENSITIES

DOT S AHISN
Mixture

Fuel,

active

Nuclide
U-235
U-238
0-1 6
Fe-56
Zr-90
B-10
C-1 2
Stainless

Atom d e n s i t y

Steel

QADMOD

(Atom/b-cm)

2.0438-5
3.2011-3
6.7807-3
3.9871-4
1.3561-3
1.2483-4
1.6046-4
4.0224-3

Material

Uranium
Iron

Mass density

Air

1.273-0
6.074-1
1.854-1

1.0617-5
3.9573-5

Air

1.220-3

Air

0-1 6
N-14

Closure Plate

Stainless

Steel

8.6610-2

Iron

7.860-0

Fuel,

Stainless

Steel

1.2416-2

Iron

1.151-0

Lead

1 .135+1

Concrete

2.300-0

Inactive

Lead Plug

Pb

3.3512-2

Concrete

H
0
Na
Mg
Al
Si

7.770-3
4.387-2
1.048-3
1.486-4
2.453-3
1.581-2
5.640-5
6.934-4
2.916-3
3.128-4

s

K
Cu
Fe

W-175

(g/cc)

Table 4
SHIELDING ANALYSIS RESULTS
GAMMA DOSE RATE (mrem/hr)
DETECTOR

NEUTRON DOSE RATE
(mrem/hr)

DOT - IV

QADMOD

ANISN

DOT - I V

ANISN

A

4.7 + 0

8.0 + 0

3.3 + 0

3.9 -2

2.3-2

B

3.7 + 0

5.3 + 0

C

4.5 + 3

2.0 + 3*

—

2.9 + 0

—

D

4.8 + 4

3.1 + 4

5.9 + 3

2.0 -2

—

E

1.8 + 4

8.0 + 2

7.7+1

4.1 + 2

7.3 + 2

F

4.8 + 4

1.3+1

—

5.7 + 2

—

G

1.3 + 3

3.5 + 1

H

3.2 + 0

2.0 + 0

1

3.2 + 7

2.2 + 7

•QADMOD/Albedo
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3.4 - 2

8.0+1
—
1.9 + 7

3.1 + 3

3.0 + 3

2.0 -2

~

3.1 + 3

3.0 + 3

UPPER
SHIELDING
• BLOCK

EXIT AIR
PASSAGE

HSM
DOOR

CANISTER
SUPPORT
ASSEMBLY
REINFORCED
CONCRETE
WALL

Figure 1
UNIT OF EIGHT HSMS
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Figure 2
NUHOMS SHIELDING CALCULATION MODEL
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DOT IV MODEL OF HSM
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(Presented at Third International Spent Fuel Storage Technology
Symposium/Workshop, April 8-10, 1986, Seattle, WA).
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CRITICALITY AND SHIELDING ANALYSIS OF
SPENT FUEL STORAGE PACKAGES
C. V. Parks
Since the early 1970's the Nuclear Engineering Applications
Department (NEAD) at Oak Ridge National Laboratory (ORNL) has been
heavily involved in the development and use of analytical methods and
cross-section libraries for criticality and shielding analysis of
spent fuel packages and storage facilities. Computational tools
developed at ORNL and elsewhere have been used to 1) design and
analyze criticality experiments, 2) provide the basis for scoping
tools developed for cask design, and 3) perform analyses in support of
parametric investigations and/or cask licensing issues. This summary
highlights the pertinent current and future work.
Under programmatic sponsorship of the Nuclear Regulatory Commission, the bulk of the methods and libraries developed by NEAD have
been incorporated into a modular computational system called SCALE.
SCALE provides automated sequences for resonance processing of multigroup libraries. The premier criticality-analysis tool is KENO V.a,
which has advanced geometry capabilities [construction of arrays from
previously described arrays, placement of units or arrays at any
desired location (or hole), and geometry printer plots] that allow
accurate, heterogeneous models of casks to be obtained with minimal
effort. For radiation shielding analysis, SCALE relies on the
SAS2/0RIGEN-S depletion modules to provide the gamma and neutron
source specifications (source strength and multigroup energy spectra
in input-specified format) for the radiation transport analyses.
One-dimensional (1-D) analyses are performed with the XSDRNPM-S module
while three-dimensional (3-D) analyses are performed using MORSE-SGC/S
in combination with the MARS combinatorial geometry system (for generation and placement of multiple arrays). One recent, significant
development is the SAS4 control module for Monte Carlo analysis of a
shipping cask utilizing automatic generation of biasing parameters and
an easy-to-use (even for heterogeneous assembly models) geometry input
processor. The two-dimensional (2-D) discrete ordinates transport
code DOT has also been used at ORNL for cask analysis, but to date it
has not been incorporated into SCALE.
In this country, the methods, tools, and data available for criticality analysis of casks are highly advanced. However, more verification of the available codes and cross-section data is needed.
Currently, the DOE Office of Nuclear Safety (ONS) is funding ORNL to
establish a Resource Center for Nuclear Criticality Safety Analytical
Methods. Activities initiated by the Center that should be of
interest to cask designers include 1) thorough validation of KENO V.a

"SCALE: A Modular Code System for Performing Standardized Computer
Analyses for Licensing Evaluation, Vol. 1-3," NUREG/CR-0200 (originally issued July 1980, reissued January 1982, Revision 1 issued July
1982, Revision 2 issued June 1983, Revision 3 issued December 198M.
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and supported multigroup libraries, 2) selected intercomparison of
calculated benchmark results from multigroup (KENO V.a) and point
cross-section codes (MCNP and MONK), and 3) development of transport
methods for subcritical arrays to be used in conjunction with new
measurement techniques for the eventual .in situ measurement of reactivity. Other ORNL activities of interest include 1) participation in
an OECD international working group that develops, analyzes, and
evaluates benchmark problems applicable to potential criticality
accidents in casks and 2) a study to evaluate the effect of allowing
burnup credit in cask analyses. Additional benchmark experiments with
consolidated fuel assemblies appeal' to be needed to insure the validity of analytical techniques for this situation.
In contrast to criticality safety, there has only recently been
any U.S. interest in experimentally verifying shielding methods and
data for actual cask configurations. Measured data obtained recently
under the Commercial Spent Fuel Management Program at PNL should prove
immportant in verifying shielding-analysis methods in the future.
Currently, ORNL is representing the U.S. in an international effort to
developv analyze, and evaluate shielding benchmark problems applicable
to storage/transport casks. The first meeting of this OECD working
group is to be held in June 1986.
Although shielding analysis methods for casks are also well
advanced, there is some question about the adequacy of the available
multigroup cross-section libraries. Most of the libraries were
developed with other applications in mind, and the one developed
specifically for casks is based on outdated data. However, there is
currently a funded effort to evaluate the various libraries used for
shielding analysis of casks and prepare recommendations for needed
development. This program will also attempt to evaluate the various
tools and/or modeling assumptions used in cask shielding analysis.
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SHIELDING ANALYSES FOR THE
REA-2023 AND CASTOR-1C BWR STORAGE CASKS
U. P. Jenquin
Pacific Northwest Laboratory
R1chiand, Washington 99352 U.S.A.
ABSTRACT
A number of casks have been designed and several have been built
for the storage of spent nuclear fuel rods. As part of the comprehensive
demonstration test programs, spent fuel has been loaded Into the REA-2023
and Castor-lC casks and radiation dose rates measured. Point kernel
and discrete ordinates methods were used to predict radiation dose rates
on the surface of the two casks. The QAD-CG code was used for primary
gamma-ray calculations. The DOT-4 code was used for neutron and
secondary gamma-ray calculations.
Calculated dose rates agree reasonably well with the measurements.
Calculated neutron dose rates for the REA-2023 cask range from good
agreement to a factor of four high. The calculated gamma-ray dose rates
range from a factor of two high to a factor of four low. Calculated
neutron dose rates for the Castor-lC cask range from a factor of two to
a factor of four high. The calculated gamma-ray dose rates are a factor
of two high. The sensitivity of the dose rates to the details of the
calculation 1s discussed, and the Importance of various assumptions
made for the calculations is evaluated.
INTRODUCTION
Radiation dose rates have been measured on the surface of the
REA-2023 and the Castor-lC dry storage casks loaded with spent,nuclear
fuel assemblies. Shielding analyses were made with the QAD-CG* ' ' and
DOT-4* ' codes 1n order to predict the dose rates on the cask surfaces
prior to the test data being made available for comparisons. The
calculated dose rates were compared with the measured dose rates to
evaluate the shielding codes.
Test data were taken with the REA-2023 cask containing 52 BWR spent
fuel assembliesk ' as a task 1n the U S . Department of Energy's
Commercial Spent Fuel Management Program. The cask uses lead as the
gamma-ray shielding material and a water/ethylene glycol mixture as
the neutron shielding material. The shielding calculations were made
prior to the test data being taken.
In a program conducted in Germany, test data were taken with the
Castor-lC cask containing 16 BWR spent fuel assemblies. The cask 1s
made of cast Iron and has polyethylene added as the neutron shielding
material. The test data were not available for comparison until the
calculations were completed.
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CASK DESCRIPTIONS
REA-2023 Cask
The REA-2023 cask has a cylindrical shape with a cylindrical cavity.
The primary gamma-ray shield 1s lead. The structural material 1s
stainless steel which also provides gamma-ray shielding. The neutron
shield 1s attached to the outside surface of the cask body. It consists
of a mixture of water and ethylene glycol. On the ends of the cask,
lead and stainless steel serve as the neutron shield since there 1s no
hydrogenous material In these locations.
The cavity of the cask contains stainless steel tubes - one per
assembly. It 1s designed to hold 52 BWR assemblies or 28 PWR assemblies
(without consolidation). The cavity also contains copper to enhance
conduction of heat to the surface.
The cask was loaded with 52 BWR spent fuel assemblies from the Cooper
Station. The assembly exposures ranged from 25,344 MWD/MTU to 28,048
MWD/MTU. The time Interval between reactor discharge and the start of
performance tests was 863 days for 36 assemblies and 1259 days for 16
assemblies.
Castor-lC
The Castor-lC cask 1s made of cast Iron and has a square shape
with rounded corners. The Iron serves as the shielding for gamma-rays.
Neutrons are shielded with polyethylene. Moderator tubes are contained
within the cask oody In the radial direction and moderator disks are
located 1n the axial directions. Axial fins are located on the surface
of the cask to aid 1n dissipating the heat to the atmosphere.
The cavity of the cask 1s square with rounded corners. It contains
plates of stainless steel configured to form locations for the fuel
assemblies on a square array. It 1s designed to hold 16 BWR assemblies.
The cask was loaded with 16 spent fuel assemblies from the Wuergassen
Station. The assembly exposures ranged from 27,200 MWD/MTU to 28,500
MWD/MTU. The elapsed time between reactor discharge and start of
performance testing was 434 days.
ANALYTICAL METHODS
Codes and Libraries
The QAD-CG code was used to calculate primary gamma-ray dose rates
on the surface of each cask. Gamma-ray penetrations through various
shielding configurations are calculated using the point-kernel method.
Combinatorial geometry subroutines permit accurate descriptions of the
casks. From the distances through the shielding regions and the
attenuating characteristics of the shielding materials, geometric
attenuation and material attenuation are determined.
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The DOT-4 code was used to calculate neutron and secondary gamma-ray
dose rates on the surface of each cask. Neutron and photon particle
fluxes are calculated using the method of discrete ord1nates to solve
the Boltzmann transport equation. Each cask was modeled with R-Z
geometry. The DLC-85 coupled neutron/photon library* ' with P-3 cross
sections was used for the analyses. The neutron cross sections are
represented 1n 22 energy groups and the photon cross sections are
represented 1n 21 energy groups.
Cask Models
Detailed cask models were made for the QAD-CG calculations. Within
each fuel assembly, the fuel rods were homogenized with the space between
the rods. The end fitting, plenum, tie plate, and handle regions were
also homogenized. These regions were represented explicitly 1n the
models. The cooling fins on the Castor-1C cask were not modeled because
the dose rates were measured In the valley between the fins.
The cask models made for the DOT-4 calculations were more approximate
because of the code geometry restriction. In the cavity, the fuel
assemblies were homogenized with the structural material of the basket.
The polyethylene neutron moderator tubes 1n the Castor-lC cask were homogenized with Iron Into an annul us. The surface of the Castor-lC cask
was cylindridzed. The neutron shield on the REA-2023 cask 1s compartmentalized, so there Is a possibility that the lowest compartment 1s not
full of moderator material. The assumption was made that 1t was empty.
Neutron and photon source terms for the fuel were based on 0RIGEN2v '
calculations. The values are given 1n Table I. Spatial distribution
of the source terms was determined using reactor operating data and
reactor core-fol1ow-anaiyses.
TABLE I
Source Terms for the Fuel
Source Type
Neutrons, n/sec/assembly
Gamma-Rays above 1 MeV,
photons/sec/assembly

REA-2023
3.56 +7
4.14 +13

Castor-lC
5.26 +7
10.17 +13

In addition to the gamma rays from the fuel, there were gamma rays
produced 1n the stainless steel and Inconel structural materials because
of the presence of cobalt. During Irradiation, neutron captures by Co59 produce Co-60 which has a half-Hfe of 5.272 years. Each Co-60 decay
results 1n two photons, one with an energy of 1.332 MeV and the other
with anxenergy
of 1.173 MeV. The Co-60 activity was calculated with
XSDRfT ; by modeling the fuel and the regions above and below the fuel
as slab regions. The photon source terms were calculated from the
activations taking Into account decay during Irradiation and during the
time from discharge to start of cask performance tests. Values of the
source tens are given In Table II. Axial distribution of the source
terms was also based on the XSDRN calculations.
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TABLE II
Photon Source Terms Due to Co-59 Activations
Source, photons/sec/assembly
REA-2023
Castor-lC

Region
End Fitting
Plenum
Tie Plate
Handle

6.36 +11
9.95 +12
3.86 +12
9.11 +11

1.19 +12
4.12 +12
7.82 +11
2.38 +11

PREDICTTONS COMPARED TO MEASUREMENTS
Neutron Dose Rates
Calculated dose rates on the top, side, and bottom of the REA-2023
cask are compared to test data In Figures 1-3. On the side of the cask,
the dose rate peaks just above and just below the neutron shield. The
calculated dose-rate peaks are a factor of 3 higher than the test data.
Over the length of the neutron shield, the calculated dose rates are
slightly lower than the data. The dose-rate peak at a height of 40 cm
validates the assumption that there 1s no neutron shielding material 1n
the bottom compartment.

O PNL Measurements
D GE Measurements
— D O T Predictions
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Figure l. Neutron Dose Rates on Side of the REA-2023 Cask.
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Figure 2. Neutron Dose Rates on Top of
the REA-2023 Cask.
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Figure 3. Neutron Dose Rates on Bottom of
the REA-2023 Cask.

Calculated dose rates agree quite well with 6E data directly above
the fuel, but are a factor of 2 higher than the PNL data. At the edge
of the cask, calculated dose rates are in good agreement with the PNL
data, but are a factor of 4 lower than the 6E data.
On the bottom of the REA-2023 cask, the calculated dose rates are
a factor of 4 higher than the test data. The bottom center of the cask
1s the position of maximum dose rate.
Calculated dose rates on the *.de of the Castor-lC cask are compared
to test data in Figure 4. Calculated values are a factor of 4 higher
than measured values. This 1s consistent with the comparisons made
for the ftEA-2023 cask where there is no neutron shield. However, it is
inconsistent for the side of the REA-2023 cask where there 1s a neutron
shield. The geometrical approximation made 1n modelling the Castor-lC
cask may be cause for significant discrepancy between calculated and
measured dose rates.
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Figure 4. Neutron Dose Rates on Side of the Castor-lC Cask.
Gamma-Ray Dose Rates
Calculated dose rates on the top and side of the REA-2023 cask are
compared to test data in Figures 5-6, respectively. The dote rates
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Figure 5. Gamma-Ray Dose Rates on Top of the REA-2023 Cask.
directly above the fuel assemblies are 50-70 percent high except for a
corner assembly. The dose-rate peak at 80 en radius, just beyond the
lead shield In the cask lid. Is under-predicted by a factor of 4.
On the side of the REA-2023 cask, the dose rate peaks above and below
the neutron shield. The peaks are underpredicted by a factor of 2
to 3. The under-predicted dose-rate peaks could be due to too low of
a Co-59 content assumed for the end fitting, plenum, tie plate, and/or
handle of each fuel assembly. Along the neutron shield the dose rates
are overpredicted by 40 percent. About 60 percent of the calculated dose
rate on the neutron shield 1s due to secondary ganma rays.
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Figure 6. Gamroa-Ray Dose Rates on Side of the REA-2023 Cask.
On the bottom of the REA-2023 cask, calculated dose rates were
compared to test data for radii of 0.0 and 61.1 cm. The calculated
centerline dose rate of 72 mR/hr. agrees with measured values of 70 and
68 mR/hr. At a radius of 61.1 cm the calculated dose rate of 37 mR/hr.
is a factor of 2 lower than the measured values.
Calculated dose rates on the side of the Castor-lC cask are compared
to test data on Figure 7. The calculated values are a factor of 2 higher
than the measured values. There 1s no significant contribution to the
dose rate from secondary gamma-rays.
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SUMMARY ANn CQNCI USTONS

The QAD-CG code gave satisfactory overall agreement with gamma-ray
radiation dose rates measured on the REA-2023 cask. However, the doserate peaks were underpredicted. This 1s a limitation of the point-kernel
method. On the Castor-lC cask the QAD code was conservative; I.e., 1t
overpredicted the dose rates.
A major contribution to the gamma-ray dose rate on the top and
bottom of the cask Is the decay of Co-60. Thus, the Co-59 content In
the end fitting, plenum, tie plate, and handle needs to be known
accurately If the source tern Is to be calculated. In addition,
activation of the Co-59 needs to be calculated accurately.
The contribution to the dose rate from secondary gamma-rays can be
significant. The neutron shield Is the outer-most part of the REA-2023
cask, so some of the secondary gamma-rays are not shielded. Secondary
gamma-rays did not contribute significantly to the dose rates on the
Castor-lC cask and the top and bottom of the REA-2023 cask.
The DOT-4 code Is conservative In predicting neutrc radiation dose
rates on the cask surfaces. Calculated valu ~ are a factor of 2 to 4
higher than measured values. The high valuer .ould be due to the neutron
source strength being too high. Measurements of the neutron source
strength should be mads In order to validate the 0RIGEN2 calculation.
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The QAD-CG and OQT-4 codes should be evaluated/benchmarked on other
casks. Cask designs are quite complex, so there may be characteristics
In other casks which were not Important for the REA-2023 and Castor-1C
casks.
An Independent check on Methodologies could be made with a Monte
Carlo calculation. Both the REA-2023 cask and the Castor-lC casks should
be analyzed with a Monte Carlo code.
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RACK DESIGN AND CRITICALITY SAFETY ANALYSIS

by
Thomas R. Robbins
Pickard Lowe & Garrick, Inc
Washington, D.C.
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This

discussion

summarizes

the procedures

and

analytic

techniques that have been used to successfully license spent fiael
rack designs which achieve higher storage densities by taking
credit in the criticality safety analysis for the reactivity
losses which result from the in-core irradiation of nuclear fuel.
Using these procedures, spent fuel storage rack designs have been
analyzed

and

licensed

for

the

storage

of

both

whole

fuel

assemblies and consolidated fuel rods in canisters for operating
reactors.

Benchmarking of the neutronics analytic model is the most
important part of the criticality safety analysis, and the resultant calculational uncertainties must be incorporated ir» the
final analysis in a realistic manner with sufficient conservatism
to satisfy the NRC.

Tables 4 and 5 show the results of benchmarking

the

Pickard Lowe & Garrick (PLG) analytic model against two sets of
applicable critical experiments for fresh unirradiated fuel.

The

PLG model employs a special version of the LEOPARD program to
generate macroscopic cross sections for input to four group PDQ-7
diffusion theory calculations.

Strong neutron absorbers are
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represented in the PDQ-7 calculations by application of "Blackness Theory" and derived macroscopic cross sections which produce
the specified boundary conditions at the surface of the absorber
in the PDQ-7 model.

Based on these two sets of experiments, the

total model uncertainty and bias which corresponds

to a 95/95

confidence level is less than .01 A<.

For
irradiated

benchmarking

the

analytic

model

to

be

fuel, two sets of mixed oxide critical

used

for

experiments

were analyzed, and the results are shown in Tables 6, 7, and 8.
Based on these experiments, the partial model uncertainty and
bias corresponding to a 95/95 confidence level is about .02 AK .
However, an additional component representing the uncertainty in
the calculation of reactivity

losses due to isotopic changes,

including fission product buildup, must also be added to the
uncertainty

derived

from

the

benchmarking

criticals.

This

uncertainty has been estimated to be 5% of the total reactivity
loss due to fuel burnup.

In the PLG model, isotopic inventory changes with burnup
are calculated with the PLG LEOPARD code, and a demonstration of
the accuracy of these calculations is shown in Figures 10 and 12.
Fission product effective absorption cross sections are calculated with the EPRI CINDER code, and to insure conservatism,
CINDER is also used to calculate the minimum fission product
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cross section which usually occurs some short time after discharge oi: the fuel from the reactor as shown in Figure 2.5-13.

In order to determine the minimum burnup required, for any
given initial enrichment, which will assure the fuel may be
safely stored in the racks, the spent fuel rack < is calculated
with PDQ-7 as a function of the fuel pin cell )C calculated with
LEOPARD.

For a given initial enrichment, an acceptable fuel rack

< , which is sufficiently less than .95 to accommodate
uncertainties

(e.g.,

.91), is

then

selected

which

in

all
turn

p

determines an acceptable fuel )sir\ cell < . The burnup required to
produce the acceptable fuel pin cell < is then determined from
the LEOPARD results.

This process is repeated for a total of two

or more initial enrichments, and the results may then be used to
determine a limiting curve of required burnup as a function of
initial enrichment.

This process is illustrated by Figures A, B,

and 23.

The same procedure may also be used to develop burnup
limits for consolidated fuel rods, but the analytic model for
calculating the spent fuel rack < must be separately benchmarked.
For this benchmarking PLG analyzed a set of applicable critical
experiments performed by Babcock and Wilcox.

"(he only change

made to the PLG combined LEOPARD-PDQ-7 model previously described
was to utilize "mixed number density" cross sections edited by
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LEOPARD in the thermal energy group.
rods

and

modules

used

in

these

The geometry of the fuel
critical

experiments

are

illustrated in Figures 1 and 2 and Table 1 , and the PDQ-7 model
of the critical assemblies is shown in Figure 3.

The

final

LEOPARD-PDQ-7

results

model

for

of

the

the

benchmarking

consolidated

experiments are shown in Table 4.

of
fuel

the

PLG,

critical

The results of KENO-IV

analyses performed by Babcock and Wilcox are also shown in Table
4.

A comparison of the results of the two models shows the

combined bias and uncertainty associated with the LEOPARD-PDQ-7
model is less than that associated with the KENO-IV model.
Further, the variable bias exhibited by the KENO-IV model for
Cores I, II, and III is almost totally absent in the LEOPARDPDQ-7 model.

In summary the PLG analytic model described herein has
been used to successfully design and license spent fuel storage
racks which take credit for reactivity losses due to fuel burnup
for storage of both whole fuel assemblies and consolidated fuel
rods in canisters.

W-201

TABLE 4
WESTINGHOUSE U0 2 Zr-4 CLAD CYLINDRICAL CORE CRITICAL EXPERIMENTS

Concentration
(ppm)

Material
Buckling
(for LEOPARD
CM-2

Critical No.
of Pins

Radius of
Fuel Region
(cm)

0
0
0
0
306.
536.4
727.7
104.
218.
330.
446.
657.1
104.
218.

.008793
.009725
.008637
.006458
.007177
.006244
.005572
.008165
.007599
.007106
.006661
.005809
.007320
.006073

489.4
317.0
251.6
293.0
659.9
807.2
950.2
546.3
607.1
669.5
735.3
895.3
321.0
420.5

19.021
17.605
19.276
23.935
22.088
24.425
26.504
20.097
21.186
22.248
23.315
25.727
21,772
24.919

Boron
Pitch
Experiment
1
2
3

4
5
6
7
8
9
10

ro
o
ro

11
12
13
14

In
0.600
0.690
0.848
0.976
0.600
0.600
0.600
0.600
0.600
0.600
0.600
0.600
0.848
0.848

(6,7)

k

eff

(LEOPARD/PDO-7)
0.9912
0.9941
0.9927
0.9935
0.9927
u.3237
0.9940
0.9919
0.9917
0.9916
0.9909
0.9944
0.9938
0.9925
0.9928 M. an
0.0012 Std

Notes
(a)

Fuel Region Data

Enrichment
Fuel Density
Pellet Radius
Clad 'R
Clad OR

2.719 w/o U-235
10.41 g/cm3
0.20 in
0.2027 in
0.23415 in

(b) Thickness of water reflector is that required to
attain total radius of 50 cm for model.
2(PDQ-7)
.000527 cm-2
(c) B

TAOLE 5
BATTEUE FIXED NEUTRON POISON CRITICAIS (18)

No. of
Assemblies
In Array

Type

Thickness

Distance
To fuel
Cluster

Critical
Separation
of Clusters

Case

Length
Tices
Widih'

020
017
002

20 X 17
22 .21 x 16"
20 X 18.88*

3
3
1

Boral
Boral
Boral

.713 cm
.713
.713

.645 cm
.645
2.732

6.34 cm
5.22

O.S932
0.9314
0.9925

028
027

20
20

X

16
16

3
3

S.S.
S.S.

.485 cm
.302

.645 cm
.645

6.88 cm
7.43

0.9946
0.9935

032
038

20

X

20

X

17
17

3

1.1 w/o B
1.6 w/o B

.298 cm
.298

.645 cm
.645

7.56 cm
7.36

0.9933
0.9931

002B
015
013
022
021

20
20

X
X
X
X
X

18.075
17
16
15
16

1
3
3
3
3

-

-

11.92 cm
8.39
6.39
4.46

0.9956
0.99*2
0.9945
0.9933
0.9946

20
20
20

X

3

S.S.
S.S,

Absorber

None
None
• None
None
None

S t a t i s t i c a l Sunrary:
Series

Number

Soral
S.S.
S.S.
(Borated)
Fixed Poison
Total
Non-Poison

Jqtal
UverTl

_5

mean
0.9934
0.9941

0.0008
0.0006

0.9944
0.9919

0.0000

0.0007

• This i s in units of pitch (Pitch - 2.032 cm)
x Center assembly was 20x16 and the outer two were elongated at 22.21x16.
+ 20x18.88 was one assembly with a boral sheet on two sides.
Fuel region data: Enrichment • 2.35 w/o. Pellet radius • 3.5588 cm.
Clad OR • .635 en, Wall thickness • .0762 cm. Pitch • 2.032 cm
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LEOPAPO/POQ

TABLE 6

SAXTON Pu0 2 -U0 2 CRITICAL EXPERIMENTS

(Reference 9}

:pt.

Boron

HTO/UO?

TppmT

(Volume)

Pitch
(Inches}

kpff

k

-1

1

0

1.68

.520

.9912

-.0088

2

0

2.17

.560

1.0029

+.0029

3

337

2.17

.560

1.0084

+.0084

4

0

4.70

.735

.9944

-.0056

5

0

10.76

1.040

1.0008

+.0008

W-204

TABLE 7
ESADA Pu0 2 -U0 2 CRITICAL EXPERIMENTS
(Reference 10)

Boron

Pu-240

TpproT

(£)

1

0

8

1.11

.690

2

0

8

3.49

3

526

8

4

0

5
6

H?O/UO?
{volume]

Pitch
(Inches)

k

-1

.9902

-.0098

.9758

1.0055

+.0055

3.49

.9758

.9949

-.0051

24

3.49

.9758

.9948

-.0052

0

8

1.54

.750

.9878

-.0122

526

8

1.11

.9945

-.0055

W-205

.690

TABLE 8
SUMMARY OF PREDICTIONS FOR k e f f
IN CRITICALITY EXPERIMENTS

Expenment

Cases

kpff

Saxton PuO2-UO2

5

0.9995 +_ .0068

ESADA Pu0 2 -U0 2

6

0.9946 +_ .0061

11

0.9969 JK .0066

Al 1 PuO2-UO2

W-206

FIGURE 10
ATOM PERCENT OF TOTAL D VERSUS EXPOSURE
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FIGURE 1. FUEL MODULES USED IN CRITICAL EXPERIMENTS
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Module with Fuel Rods S l i g h t l y
Separated on a Square Pitch
(SO Type)

FIGURE 2. PLAN VIEW OF CORE SHOWING SIDE SHEET LOCATIONS

N

SIDE SHEET
LOCATIONS
( 2 4 PLACES)

FUEL MODULE

STAGGERED-ROW EDGES ALWAYS FACED EAST- WEST
( T -TYPE MODU LES ONLY)
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TABLE 1. BENCHMARK CORE DESCRIPTIONS
Core
designation

Description

Intermodular
spacing, en

5 x 5 array,
T-type modules

1.778 by i.945 Ca)

II

5 x 5 array,
T-type modules

2.539 by 2.709

III

5 * 5 array,
T-type modules

3.307 by 3.976

IV

5 x 5 array,
S-type modules

1.778

5 x 5 array,
SO-type modules

1.792

(a)Because of the triangular geometry, the pins on
two edges of the T-type modules were evenly
aligned and those on the other two edges ve.ra
in a staggered alignment (see Figure 5 ) . The
first spacing quoted is the separation between
staggered row edges of adjacent modules, and
the second is the distance between even-row
edges of adjacent modules (see Figure 6 ) .
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FIGURE 3. PDQ07 MODEL OF CRITICAL ASSEMBLIES
(CORES I, IV, AND V)
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TABLE 4. FINAL RESULTS - ANALYSIS OF CONSOLIDATED FUEL CRITICAL EXPERIMENTS

LE0PARD-PDQ07 MODEL
Core Number

L a t t i c e Type

KENO IV M0DEL(6)

Jioff

1-kcff

*eff

l ^ ewf 1f1

I

T

.9764

.0236

1.002

-.002

II

T

.9771

.0229

.984

.016

III

T

.9780

.0220

.979

IV

S

.9790

.0210

.996

.021
.004

SO

.9913

.0087

1.003

-.003

I-V

.9804

.0196

.9923

.0072

I-IV

.9776

.0224

.9903

.0097

V

LE0PARD-PDQ07 MODEL
STANDARD DEVIATION
I-V
I-IV

.0062
.0011
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KENO IV MODEL*6*
STANDARD DEVIATION
.0108
.0106

WORKSHOP 3
ROD CONSOLIDATION TECHNOLOGY

Rod Consolidation Technology
April 10, 1986
Co-Chairmen: J. Nevshemal (WESTEC/USA)
and R. Moscardini (CE/USA)

Workshop No. 3

AM Session: Rod Consolidation and Waste Scrap Treatment
The panel members were introduced and kick-off presentations were provided by
certain panelists as indicated:
C. R. Johnson - Nuclear Assurance Corp. - Consolidation Experience at West Valley
A video of the December 1985 consolidation campaign was shown and narrated by Mr.
Johnson. This covered installation of the equipment, upper end fitting removal, rod
pulling and insertion into the storage canister. Although optimum rod compaction
did not result initially, subsequent use of skilled operators and increased care
resulted in consolidati n ratios of 1.4:1 for two out of the four canisters filled.
NAC experienced problem with flattened fuel rod sections, uncontrolled gas release
from one rod, and guide tube cutting. NAC reported that this work did not lead to
significant worker exposure.
D. J. Hollahan - Proto Power Corp. - Advantages of Single Rod Pulling
Mr. Hollahan stressed the operational and licensing advantages of single rod
pulling versus the speed of operation. The Proto Power concept, which utlizes a
hydraulically operated single rod transfer tool and an electro-mechanical indexing
device for positioning the tool over selected rods, reduces the rod exposure to
damage and mishandling.
W. A. Ross - Battelle PNL - TRU and High Activity Waste Generation and Treatment
Mr. Ross discussed various volume reduction techniques such as incineration,
shredding, and smelting for dealing with the large volumes of miscellaneous waste
that has collected at national laboratories. Methods that are chemically durable
such as vitrification are under consideration to stabilize these wastes. An example
of an induction furnace system for volume reducing contaminated metal wastes was
given.
W. J. Wachter - U.S. Tool & Die, Inc. - The Universal Fuel Rod Consolidation
Machine Tool
Mr. Wachter described the "Universal Fuel Rod Consolidation Machine Tool" which
will be demonstrated at Battelle Columbus on Ginna fuel on April 15, 1986. This
concept utilizes jacking type action through grippers on each rod to pull the rods
from the assembly and push them into a consolidating funnel. It was said that this
equipment can consolidate up to thirty assemblies per day after setup.
R. L. Moscardini - Combustion Engineering, Inc. - Special Tools Developed by C-E
for the EPRI/NUSCO Fuel Consolidation Demo Program
Mr. Moscardini gave an overview of the design and function of four new tools
developed on the EPRI/NUSCO demonstration program. The ID Guide Tube Cutter,
Multiple Rod Puller, Interim Transfer Canister, and NFBC Compactor were described.
W-218

It was stressed that each tool has features to minimize or prohibit fuel rod damage
and accidental releases. For example, the Multiple Rod Puller is shrouded to
control a possible gas bubble release during rod pulling or transfer to the
canister.
The following panelists who did not make kick-off presentations joined in the open
discussion that ensued:
Roger Piscitella - EG&G Idaho
Eugene Krinick - Northeast Utilities
Elmer Bassler - Westinghouse Electric Co.
Wendell Bailey - Battelle PNL
Major subjects discussed were:
- A combination of reracking, consolidation,and transshipment will permit Northeast
Utilities to maintain full core reserve space in its pools for the full planned
life of its four reactors. N.E. is studying approaches now for Millstone I and
Connecticut Yankee. Millstone II will demonstrate consolidation in early 1987.
Millstone III was built with a large pool that can store all fuel through plant
life without consolidation.
- The Combustion Engineering consolidation equipment was further explained
regarding features that mitigate or prohibit off-normal events- The filtration
system is sized to trap all participate releases at the point source. Loose pellets
are held in the work station rather than allowed to lodge in filter suction hoses.
Broken rods are separated from good rods at a recovery station. Rod grippers are
spring loaded to fail closed and always grip the rod OD not the end cap. Rod
insertion into the gripper must satisfy preset limits before grippers can close.
- A survey by Battelle PNL studied over 51,000 pulled fuel rods in the USA. Only
.six are known to have broken and these were known to be leaking or otherwise
defective before they were pulled. In FRG, over 100,000 rods have been pulled with
only one failure. It was stated that there would be little pressure to consolidate
bad fuel since this is rare. Acceptance criteria for candidate consolidation
assemblies and detection systems such as acoustic emission, ultrasonic, and sipping
were discussed. The definition of a broken rod is a rod in two pieces, ruptured
rods are not defined as broken. It was concluded that broken rods are not a
significant threat to consolidation activities since (1) vendors recognize the
potential problem and have designed equipment to deal with it, (2) the problem is
not as great as first tnought, and (3) the utility can decide not to consolidate
known bad assemblies.
- The advantages of single versus multiple rod pulling were discussed. Single rod
and single row pulling give the operator more intelligence and control over stuck
or defective rods. Recovery from abnormal situations (slipped rod, broken rod,
etc.) is easier with single rod or single row. Single row can have the same control
capability as single rod. For full assembly pulling, the lack of intelligence on
interior rods can be a disadvantage. For an MRS, the present philosophy is to pull
all rods at once and work on several fuel assemblies at once, typically three PWR
or seven BWR. Human factors may influence, the design depending on who is providing
the labor and the size and duration of an at-reactor consolidation campaign. It was
concluded that (1) single rod or single row pulling may provide better control, (2)
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capability to recover from an abnormal events is required, (3) human factors must
be considered with regard to degree of automation and speed of operation, and (4)
the economics of labor and equipment cost may dictate the method.
- A discussion of the grapple design for MRS application concluded that the MRS
facility would likely have various grapDle heads that could access any fuel
assembly design. It follows that the consolidation canister would have the same
grapple head design as their respective fuel assembly designs.
- SNM accountability for the MRS will be based on bulk weight of material in versus
material out after Dackaging. Individual rod accountability will not be required.
Fuel burnup will not be a control factor either.
- The advantages and disadvantages of wet and dry operations were discussed. Wet
systems eliminate airborne contamination, and crud control and collection is
easier. A dry operation has the advantage of better operator visability. While
water offers low cost shielding, a dry operation will require highly automated hot
cell equipment which is expensive. Highly reliable equipment is required in both
cases and the capability for remote maintenance is required. The amount of material
to be processed will justify the more expensive dry hot cell designs. Dry
consolidation makes more sense if a hot cell is already present.
- The Dresent utility licensing approach is not to seek NRC licensing of the
consolidation equipment but rather to license the storage of consolidated fuel. The
process is similar to fuel inspection, repair, and reconstitution work that is
routinely performed. The consolidation activities will be performed under the
provisions of Part 50.59 and a Safety Evaluation Reoort provided NRC showing that
there are no unresolved safety questions. In summary, there are no inherent
licensing problems.
PM Session: Consolidation Demonstration, Regulatory and Licensing Considerations
The panel members were introduced and kick-off presentations were provided by
certain panelists as indicated:
J. A. Nevshemal - Westec Services Inc. - Status of ANS 57.10 Standard, Design
Criteria for Consolidation of LWR Spent Fuel
This standard is one in a series of ANS standards for storage and handling of new
and spent fuel. It covers the design of rod consolidation equipment and processes
for both wet and dry applications. Applicable supporting standards and interface
requirements are provided. The latest draft of the standard will be balloted by
September 1986, and a subsequent NRC endorsement by Regulatory Guide is
anticipated.
W. L. Dobson - Gilbert/Commonwealth, Inc. - Requalifying Pool Structures for
Consolidated Spent Fuel Loads
Gilbert/Commonwealth has developed spent fuel pool analytical methods for use in
requalifving existing pools for the maximum soent fuel density with 2:1
consolidation and without structural modifications to the pool. These methods have
been aooroved by the NRC and have been used for Oyster Creek, Three Mile Island
Unit 1, Crystal River Unit 3, and Browns Ferry.
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The key to this method has been the limit analysis method using non-linear finite
element analysis techniques developed for requalification of existing heavy
reinforced concrete structures typical of nuclear power plants. A comprehensive
structural evaluation is performed for the entire spent fuel pool structure and
adjacent structural members to ensure that results are safe and reliable. These
methods comply with industry codes, standards, and regulatory requirements. It is
likely that all U.S. spent fuel pools will qualify for storage of consolidated fuel
based on this or comparable methods.
A. A. Fuierer - Rochester Gas and Electric Corp. - Lessons Learned and Results of
Consolidation R&D Program
Mr. Fuierer's presentation covered the various aspects of the NAC demonstration on
Ginna fuel at West Valley. Some of this information was presented by NAC at the
April 9 poster session and in the A.M. Workshop. Of particular interest was the
RG&E licensing experience. The approach taken was that the storage of consolidated
fuel requires licensing, not the process. Since the consolidation work was
performed at West Valley, the RG&E experience may not set a precedence.
RG&E has received a technical specification amendment to store consolidated fuel
and NAC has received an amendment to its license to ship consolidated fuel. RG&E
incorporated into its new re-rack design applied for in the spring of 1984, the
structural and seismic requirements for the weight of consolidated fuel. The Spring
1985 application for storage of consolidated fuel addressed the'additional subjects
of criticality and thermal/hydraulics. The licensing cost for both re-racking and
storage of consolidated fuel is estimated at $175,000.
The RG&E program included loading instrumented consolidation canisters for
measurement of internal canister temperature in water, helium and nitrogen
atmospheres in both vertical and horizontal orientations. It was intended that five
such canisters, each with fifteen thermocouples, would be loaded and evaluated. The
time allotted for the program at West Valley resulted in program termination after
only one canister was loaded and measured. Internal temperatures for nitrogen were
lower than expected indicating that considerable heat transfer through rod-torod conductive transfer is taking place. This was further indicated by the very
significant drop in temperature resulting from increased rod-to-rod contact when
the canister was positioned horizontally.
R. Rasmussen - Duke Power Company - Disposal and Regulatory Considerations
Associated with Non Fuel Bearing Components
The Duke/Westinghouse fuel consolidation demonstration at Oconee in 1982 resulted
in three canisters of scrap which were shipped off-site for burial. This material
which resulted from consolidation of four B&W mark B-3 fuel assemblies had higher
radiation dose levels than anticipated. The total cost of disposal was $41,000. The
main source of this activity was Cobalt-60 generated through neutron activation of
Cobalt impurities in the nickel component of inconel and stainless steel. The B M
mark B-3 fuel that was consolidated had 316L SST. end fittings and inconel the grid
skirts and spacer grids.
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Low level waste disposal regulations, such as 10CFR61 which classifies various
radioisotoDes based on activity concentration, limit the amount of NF.BC waste that
can be buried in a shallow land facility. While 1OCFR61 is very clear in stating
what the limits are, it provides no guidance for determining compliance with those
limits. Since the limits are quite low, minor variations in calculational
techniques and assumptions made on initial material composition could have a
substantial impact on final classification. Additionally, a technical challenge is
presented here in that considerable cost savings could be realized through
segregation of high activity components from those that present less of a problem.
Based on recent discussion with personnel from DOE's Office of Commercial
Radioactive Waste Management, the Nuclear Waste Policy Act, passed in 1983,
provides for the permanent disDosal of NFBC generated from a consolidation effort.
While there are some uncertainties associated with the waste program, this could
be a source of some relief. Current regulations do not allow on-site, dry storage
of low-level waste for more than five years, however, in-pool storage of scrap
hardware might be feasible for some utilities. Despite the costs that would be
associated with in-rack or above-rack storage, some savings could be realized by
avoiding the high costs of shallow land burial. Success of this alternative will
obviously depend on maintaining ongoing interaction with DOE.
Roger Piscitella - EGSiG Idaho Inc. - Prototypical Consolidation Demonstration
Project
The U.S. Government has determined that in its program to establish long-term
disposal of spent nuclear fuel, efficient and cost effective nuclear fuel rod
consolidation equipment will be needed to separate the fuel rods from non-fuel
bearing components, reduce waste storage volume and encase spent nuclear fuel rods.
The Department of Energy, Idaho Operations Office has the responsibility for
implementation of the prototypical dry rod consolidation subsystem which can
operate within any of the proposed geologic repository facilities or the Monitored
Retrievable Storage (MRS) facility.
Development of the necessary equipment and licensable design will be accomplished
in four phases as follows:
Phase I: Preliminary Design for dry nuclear fuel rod consolidation equipment,
secondary waste handling, non-fuel bearing components size reduction
preparation, consolidated fuel canister loading and canister closure equipment
for MRS or repository installation.
Phase II Option: Final Design of equipment developed during Phase I for
installation at the Idaho National Engineering Laboratory, Test Area North
(TAN) Hot Shop to conduct a hot demonstration.
Phase III Option: Fabrication and assembly of equipment selected from Phase
II for checkout and nonradioactive production scale demonstration utilizing
mock-up fuel assemblies.
Phase IV Option: Provide technical support for installation of the equipment
developed in Phase III into the TAN Hot Shop; and for check-out and
demonstration using actual spent fuel assemblies.
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The schedule is as follows: Phase I - May '36 through September '86, Phase II November "86 through August '87, Phase III - November '87 through October '83, and
Phase IV - November '88 through July '89.
G. N. Betancourt - Northeast Utilities - EPRI/NUSCO/BG&E Rod Consolidation Dsmo
Program
Mr. Betancourt focussed his discussion on NUSCO's work with NFBC volume reduction
and the program Cold Demonstration. Although various techniques were evaluated for
compacting NFBC in the EPRI program, a simple shear/compactor has been selected for
detail development. The design basis is to achieve a 10:1 volume reduction
excluding end fittings. NUSCO has demonstrated this feasibility on an existing
shear/compactor machine provided by Wastechem Company. Two unirradiated C-E 14x14
NFBC assemblies were volume reduced remotely in an underwater environment with the
Wastechem machine. Through selective reprocessing and stacking, a 10:1 volume
reduction was attained. The EPRI program shear/compactor is designed specifically
for NFBC compaction and bricketts the waste and automatically transfers it to the
storage canister.
The program schedule calls for a Cold Demonstration of the equipment in a full
scale underwater environment at Combustion Engineering's Windsor, Connecticut,
facility in August 1986. The main goal of this demonstration is to debug the
integrated system and train operators. Operating procedures will also be fine tuned
during this demo. The equipment will be subjected to a series of off-normal events
such as: stuck, broken, and defective fuel rods. Particulate and gaseous
collection and filtration features will be tested with simulated releases. The
shear/compactor will be tested on dummy NFBC. All fail safe contro1 modes for
electric, pneumatic and hydraulic systems will be tested.
The following additional panelists participated in the open discussion portion of
the P.M. session:
J. Mihalcik - Baltimore Gas & Electric
J. Collins - U.S. DOE, Richland Operations
W. A. Bailey - Battelle PNL
Northeast Utilities showed a video tape of the EPRI program and equipment handling
rods by row pulling and transfer to a storage canister.
Conclusions from the P.M. session are:
- The ANS 57.10 standard for design of rod consolidation equipment is likely to be
approved by ANSI and NRC within the near future.
- All spent fuel pools can be reanalyzed to show the capability to store
consolidated fuel loads.
- Licensing of storage of consolidated fuel should not be a problem.
- Volume reduction techniques for NFBC require additional development and
demonstration.
- Thermal loads resulting from consolidated arrays in storage canisters are not a
problem.
- The DOE Prototypical Rod Consolidation Development Program should benefit from
at-reactor development programs and feed back to at-reactor equipment development.
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NUCLEAR ASSURANCE CORP.
C. R. Johnson

VIDEOTAPE OF WEST VALLEY ROD CONSOLIDATION PROJECT
NOVEMBER AND DECEMBER 1985

The video tape shows the West Valley fuel receiving facility, its
preparation for the rod consolidation project, rod consolidation operations
and finally, shipping the canister of consolidated fuel rods.
The West Valley pool has a deep pit and a shallow storage pool. The
cask handling part of the pool is 45 feet deep and this is where rod
consolidation operations took place. Underwater supports had to be removed
so they would not interfere with the rod consolidation system. A diver was
employed to cut these supports., While significant quantities of air bubbled
through the pool during the dive and structure removal, no airborne
contamination resulted.
After the pool obstructions
systems were installed along with
system. The system was thoroughly
fuel assembly was installed for rod

were removed, the track and elevator
the work platform and elevator drive
checked for operations before the first
consolidation.

The fuel assembly to be disassembled is placed in a canister that is
connected to a pump and filter system so that a downward flow sweeps
released crud into the filter system. Removing the upper end fitting is
accomplished by cutting the guide tubes below the upper end fitting using an
internal guide tube cutter. This operation takes about 15 to 20 minutes.
Individual rods are grappled using a hydraulically operated collet.
The elevator is then lowered and the rod removed. The rod is then
transferred to the consolidation canister and as the elevator is raised the
rod is placed in the canister. The canister is tilted 6° to assist in
inducing the rods into a closely packed array.
During rod removal a bubble of gas was observed indicating that the
cladding had been breached. The rod had a flat spot and the clad breach
probably occurred at this point. The rod did not break and was treated as
any other rod and inserted into the consolidation canister.
On completion of the consolidation, the canister lid was attached and a
tamper proof device attached. The canister was then shipped to the R.E.
Ginna site using the NL-1/2 cask in the failed fuel configuration which is
licensed to transport canisters of consolidated fuel.
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SINGLE ROD TRANSFER
Dennis J. Hallahan, Proto-Power Corp.
Proto-Power Corporation is in the process of developing a spent
fuel rod transfer tool which transfers rods one at a time into a
spent fuel consolidation system. The basic system is to automatically move the withdrawal/insertion tool from one exact point
to another to transfer the rod.
Prom a licensing and safety viewpoint, Proto-Powers basic
concerns revolved around the minimization of risk from both a
personnel exposure and a recovery from an incident viewpoint.
This has led to the decision to use single pin as opposed to
multiple pin transfer for rod consolidation on a production
basis. The single rod transfer concept offers the following
advantages:
1.

Minor, if any, increases in the background radiation in
the spent fuel pool during consolidation operations,
thus keeping personnel exposure to a minimum (ALARA).

2.

By moving only one rod at a time, only the rod being
moved is at risk in the case of equipment malfunction
or rod breakage. Recovery is quicker and less complex.
Single rod rupture will cause minimum effects on pool
chemistry both radiologically and chemically.

3.

Crud cleanup during operations is minimized due to the
fact that we are only moving one rod relative to the
next as opposed to a large number.

The large disadvantage with the single pin system oil course, is
that the production rate may not be as high as a multiple pin
tool and thus, utilities with large numbers of assemblies to
consolidate may op for equipment which can consolidate at a high
production rate. This decision would of course have to be made
on the basis of safety, economics and availability of the spent
pool area for consolidation operations.
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TREATMENT OF WASTES FROM A CENTRAL SPENT-FUEL ROD CONSOLIDATION FACILITY
Wayne A. Ross, Pacific Northwest Laboratory, Richland, Washington, 99352
The consolidation of commercial spent-fuel rods at a central treatment
facility (such as the proposed Monitored Retrievable Storage Facility) will
generate several types of waste, which may require treatment and disposal.
Eight alternatives for the treatment of the wastes have been evaluated as
part of DOE's Nuclear Waste Treatment Program at the Pacific Northwest
Laboratory. The evaluation considered the system costs, potential waste form
requirements, and processing characteristics.
Spent-fuel hardware is projected to have the largest mass of the wastes
to be treated, but HEPA filters will have the largest volume. Together they
account for over 95% of both the projected mass and volume of the wastes
generated during the consolidation operations, and both will require remote
handling and processing. Other types of waste include: sludges, failed
equipment, process trash, spent ion exchange resins, and evaporator bottoms.
Requirements for the final waste forms and the methods for their final
have not been determined; however, for our study we assumed that the wastes
would be disposed of in a repository. Review of the potential waste form
requirements for high-level wastes (10CFR60) and low-level wastes (10CFR61)
indicated that potential requirements include: 1) the need for high chemical
durability, 2) elimination of combustibles and organics, 3) containment of
particles, and 4) radiation stability.
Eight treatment alternatives were identified which could treat all of
these wastes, but not necessarily meet all the potential waste form
requirements. These alternatives range from no treatment to maximum volume
reduction, which included metal melting, incineration, decontamination, and
melting of residues. The economic evaluation of the alternatives determined
that volume reduction is very beneficial and could lead to savings of
hundreds of millions of dollars for the treatment, transportation, and
disposal of the wastes from 70,000 MTU of spent-fuel. The resulting waste
forms from the high volume reduction alternatives were also more likely to
meet disposal requirements. However, treatment processes for the high volume
reduction alternatives are more complex.
Pacific Northwest Laboratory has been developing technology for the
treatment of the wastes from the reprocessing of spent fuel for several
years, and much of that technology is applicable to the wastes from spentfuel rod consolidation. Metal-melting technology provides the maximum volume
reduction for the highly-activated, spent-fuel hardware. Our bench-scale
induction melting system has demonstrated the capability to melt about 40
kgs/h of several different metal compositions of spent-fuel hardware. We
have also demonstrated the capability to encapsulate difficult to treat
wastes in the molten metals. Scale-up of the system to allow direct melting
of 55-gal drums indicates that one melting unit should have the capacity to
treat all of the spent-fuel hardware from the central treatment facility.
Technology to treat the HEPA filters by shredding, incineration, and melting
is also being evaluated.
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SPECIAL TOOLS DEVELOPED 8Y COMBUSTION
ENGINEERING FOR THE EPRI/NUSCO/BGg:E
FUEL CONSOLIDATION OEMO PROGRAM
Bob Moscardini
Combustion Engineering, Inc.

Guide Tube Cutter
A guide tube cutter is used to disassemble the fuel assembly. The guide
tube cutter is a single-pass, internal tubing cutter. Cutter tool bit
angles have been optimized to give long cutter life with an improved cut,
which has no "curlycue" or loose fragment.

Multiple Rod "uliing Tool (MRPT)
The multiple rod pulling tool comprised of three sub-assemblies: the
pulling head, the shroud, and the mast.

The shroud assembly sits on a X-Y positioning table and can be located
above any work station. The mast and pulling head assemblies are
supported en the hoist assembly, and are guided by their shroud during the
vertical travel. The pulling head is the mechanism that grapples fuel rods
for removal from the fuel assembly. The grippers of the pulling head can
be oriented to pull up to one row of rods. Each gripper can be
individually controlled from the main console to either release a rod, or
pull the rod with a maximum preset force. Preloaded springs provide
failsafe gripper closure and a detection system provides information to
control logic regarding rod penetration into the grippers and rod slip.
Detection of rod slippage immediately stops the hoist pull and informs the
operator of which rod has slipped.
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The fully enclosed shroud is vented to the plant's gas handling system
to capture any released gases. Remotely retractable fuel rod alignment
bars are located at the bottom of the shroud. The alignment bars are
retracted to allow the pulling head to exit the shroud and grapple the
fuel rods. As soon as the pulling head is lifted past them, the alignment
bars are closed to maintain precise fuel rod alignment for correct
insertion into the ITC. These fuel rod alignment bars are also designed
to gauge the maximum allowable rod diameter. If a fuel rod has an
excessive diameter or localized blister, it will not pass through the
alignment bar. Rod slippage will occur and identify a possibly damaged
rod. The alignment bar is then partially retracted to allow the loccJized
deformation to pass by, and then closed to continue alignment and gauging
operations.

Interim Transfer Canister (ITC)
The ITC serves to guide the rods from a rectangular array into a
triangular array. This is accomplished by providing each rod with a
straight-line path from top to bottom, through an upper gridded section
and a lower section of gradually occurring converging corrugations.

Attached to the bottom of the canister is a gate mechanism, which
supports a transferable bottom during loading and while transporting fuel
from the ITC station to the transfer station. The gate mechanism also
allows the transfer piston to pass through and accept the load of the
fuel rods.
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Volume Reduction System/Compactor
The volume reduction system is a hydraulic powered compactor which
systematicaTly shears sections of the grid and grid guide tube assembly
and compacts each section in three directions to form briquettes. The
briquettes are then loaded into a waste box and further compacted to
achieve a 10:1 compaction ratio.
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REQUALIFYING POOL STRUCTURES FOR CONSOLIDATED SPENT FUEL LOADS

Implementation of a spent fuel rod consolidation program can result in a
50% or greater increase of the original loading on the spent fuel pool
structure.

Several rod consolidation feasibility studies have identified

that the ability of a spent fuel pool floor to withstand higher loads will
limit or prohibit the full implementation of a rod consolidation program.
This limiting factor has been identified for both PWR's and BWR's.
However, lower limits typically exist for BWR's because the spent fuel
pool is not on the base mats or ground level. Because of these lower
limitations, modifications to pool structures such as supports under
the pool, or the development of new spent fuel storage capacity such as
dry casks have been employed.

Both of these alternatives are very costly.

In order to provide utilities with the ability to fully use spent f&el
rod consolidation in a cost effective manner, Gilbert/Commonwealth, Inc.
(G/C) has applied its structural analysis expertise to this problem.
Based on our experience with reinforced concrete reactor containment
structures, and spent fuel pool designs, we have developed advanced
analytical methods never before used on spent fuel pools which can
qualify most pool structures without modifications for the increased
loads associated with a full rod consolidation program.

G/C has

successfully used these methods to support an NRC license approval for
an elevated BWR spent fuel pool for loadings from high density racks and
unrestricted storage of 2:1 consolidated spent fuel.
was received by the utility in February of this year.

The NRC's approval
The analysis

methods employed by G/C resulted in cost savings of several millions
of dollars which were planned to be spent on pool structural support
modifications.

G/C was not the original Architect/Engineer for this

particular plant.

Start/CaM
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In general, most pool reanalyses have used linear elastic finite element
approaches.

Examples of plants that have used this type of analysis for

requalifying the pool include Oyster Creek, Three Mile Island Unit 1,
Crystal River Unit 3, and recently Browns Ferry.

The linear elastic

finite element approach has been successful for requalifying structures
for load increases r

~ed by reracking, very limited rod consolidation,

and for larger load increases in well supported spent fuel pools. For
situations wtusre this approach is not sufficent to requalify the pool
without major modifications, or in order to obtain maximum storage
capacity, G/C is using limit analysis methods to determine the ultimate
capacity of the existing pool structure.

A non-linear finite element

analysis technique is used to incrementally analyze the reinforced
concrete pool slab and surrounding structures to determine the maximum
allowable design load for the spent fuel storage racks and consolidated
spent fuel.

This method more closely models the actual structural

characteristics and can be used to qualify a pool structure for larger
loads than the linear elastic approaches. The analysis approach
incorporates corrections to technical shortcomings or arbitrary
assumptions which have been observed in several spent fuel pool finite
element analyses. An example of this is the effect of increased loads
on supporting structural elements surrounding the pool, such as the
drywell shield wall which have not been investigated.

However, in one

GE BWR Mark I facility, we found the effects to be significant.

Another

example is the use of finite elements formulated without consideration
of transverse shearing deformations. These have a significant effect
on deflections and internal force distributions in the relatively
thick, short spans typical of spent fuel pool slabs.

In some cases,

investigators have not addressed serviceability requirements defined
by the American Concrete Institute design codes.

In other cases,

investigators have used fully cracked reinforced concrete section
properties throughout the finite element model without regard to the
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magnitude of extreme fiber tensile stresses in the concrete section.
These approximations may be adequate for mechanical loads alone, but may
be unconservative when seismic and thermal loads are considered because
the magnitudes of these loads are dependent on the section properties
used in the analyses.

G/C's procedure for spent fuel pool requalification is to first identify the
critical loading and potential problem areas prior to performing the
comprehensive licensing analyses. Preliminary analyses are performed using
several critical or limiting load combinations.

These analyses are used to

get a feel for the structure's load carrying capacity and to identify
potential problem areas, such as limited reinforcement development in
wall/slab joints. The complexity of these preliminary analyses ranges
from simple manual calculations on one way slab strips to compressive
membrane action analyses using a computer program G/C developed specifically
for this purpose.

Results are used for planning the details of the more

comprehensive analyses used as the basis for relicensing.

We have found that fuel rack dead and seismic loads can be accurately
estimated so that there is no need to perform fuel rack analyses beforehand.
In fact, it has been our experience that in cases where spent fuel storage
capacity is limited by the strength of the pool structure, it is advantageous
to perform the spent fuel pool structural analyses first to determine maximum
allowable fuel rack/pool floor interface loads. This approach maximizes
the spent fuel storage capacity by having racks designed to minimize
seismic reaction loads imposed on the pool floor.

Another advantage is

that the dynamic response characteristics of the pool structure can be
easily incorporated into the rack analyses to account for dynamic interaction effects between these two structures.
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For the elavated BWR spent fuel pool recently requalified by G/C. limit
analysis methods were used to take into account non-linear internal
load redistribution due to both mechanical and thermal loads.

The

analysis procedures have been specifically developed for use with large
models with many individual loading cases and design loading combinations,
such as is the case with spent fuel pools.

A typical BWR spent fuel pool finite element model used by G/C is shown in
Figure 1.

This particular model has 2,266 nodes, 2,315 shell elements,

192 beam elements, and approximately 11,000 degrees of freedom.

It was

analyzed for fifteen basic load cases plus eight design loading combinations.

In addition to these analyses, other calculations are performed to
determine liner stresses, fuel drop impact effects, serviceability, and
allowable local rack impact loads.

A non-linear failure analysis of the

pool slab is also performed to estimate the collapse load of the structure
using the most sophisticated finite element analysis programs available
for reinforced concrete analyses. The purposes of this failure analysis
are to provide an overall margin of safety against failure and to
demonstrate the conservatism of the licensing analyses.

The differences between G/C's successful requalification of a typical
elevated BWR Mark I pool using limit analysis methods and the requalification of similar pools by othevs using linear elastic methods can be
measured by the amount of spent fuel storage capacity gained.

An actual

comparison of spent fuel storage capacity, design loads, and other
pertinent features is given in Table 1. As can be seen from this
comparison, G/C's requalification yielded a much higher fuel rack
loading.
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(a) Structure

(b) Finite Element Model

FIGURE 1 - SPENT FUEL POOL STRUCTURE AND FINITE ELEMENT MODEL

TABLE 1

SPENT FUEL POOL REQUALIFICATION COMPARISON

Requalification Performed By:

G/C

Item

Others

Reactor Type

GE BWR Mark I

GE BWR Mark I

Net MWe

1,067

1,065
i

Construction Completed

1974

1974

Pool Size, ft

40.0 x 35.3

40.0 x 35.3

Storage Capacity in
Number of Fuel Assemblies:
Original Design
Current Plans

1,100
6,320

1,100
3,500 (est.)

Design Weights on
Pool Slab, lb/ft2:
Water
Slab, Miscellaneous
Fuel Racks

2,400
1,100
2,900

2,400
1,100
1,500

6,400

5,000

TOTAL
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In summary, G/C's spent fuel pool analytical methods have been used to
successfully requalify existing pools for the maximum spent fuel density
with 2:1 consolidation and without structural modifications to the pool.
The key has been the limit analysis method using non-linear finite
element analysis techniques developed for requalifieation of existing
heavy reinforced concrete structures typical of nuclear power plants.

A

comprehensive structural evaluation is performed for the entire spent
fuel pool structure and adjacent structural members to ensure that results
are safe and reliable.

These methods are in compliance with the industry

codes, standards and regulatory requirements and have been scrutinized by
the NRC and their consultants.

We believe these analysis methods, which have been approved by the NRC,
can provide the most effective utilization of existing spent fuel pools
by maximizing the allowable design loads.

Men/Gem
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LESSONS LEARNED AND RESULTS OF COHSOLIDATZOlf R&D PROGRAM TO WOE
BY ANTON A. FUIERER, ROCHESTER GAS AND ELECTRIC CORPORATION
PRESENTED AT DOE SPENT FUEL STORAGE WORKSHOP, APRIL 10, 1986

1.

Licensing and Safety

Licensing costs for fuel consolidation at reactors has
been an uncertainty.

Study estimates made by various

vendors and organizations have estimated licensing costs to
be as much as $2,000,000. RG&E as part of its R&D program
initiated licensing for storage of consolidated fuel at its
reactor and required NAC to initiate licensing for transportation of consolidated fuel.

Rochester Gas and Electric has

received a technical specification amendment to store
consolidated fuel and NAC has received an amendment to its
license to ship consolidated fuel in their "configuration A
NL 1/2 cask".

Neither of these licensing efforts resulted

in significant cost. RG&E incorporated into its new re-rack
design applied for in the Spring of 1984 the structural and
saismic requirements for the weight of consolidated fuel,
making it part of the re-rack licensing effort which was
completed in the Fall of 1984. The Spring of 1985 application
for the storage of consolidated fuel only had to address tbm
criticality and thermal aspects of consolidated fuel.

This

technical specification modifications was received at a cost
of approximately $25,000.

The cost of both r@-rack ancl

consolidated fuel licensing was approximately $175,©00. Thm
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storage gained and costs for this effort are detailed in the
attached table.

I would not suggest that all utilities could license
consolidated fuel storage for this amount since local
factors vary considerably.

However, I believe I can say

that licensing for consolidated fuel storage is less difficult
and costly than licensing costs experienced for a pool
re-rack and that the major factor is the structural and
seismic considerations.

Although RG&E did not perform the actual consolidation
activity in its reactor pool, the work of other utilities
such as TVA and NUSCO in consolidation R&D programs and our
own review suggests that most plant technical specifications
do not prohibit conducting activities such as fuel consolidation.

A utility review of a vendors equipment and proce-

dures and a determination that there are no unreviewed
safety questions, a process similar to that required for all
other activities normally carried out in reactor pools, is
all that is required.

NRC to the best of my knowledge has

not to date either accepted or rejected this approach.

As part of our R&D program both NAC and UST&D have
prepared an SAR on their respective equipment and this
SAR has undergone extensive review by RG&E and the 0OE
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prior to commencement of consolidation.

Another health and safety issue which has been raised
is worker exposure.

Activities to date have not led to

significant worker exposure.

Data collected indicate an

exposure level of 0.6 mr/hr. in a 1-2 mr background level
environment.

Reasonable and sensible precautions normally

taken by workers experienced in pool activities should not
result in significant exposures.

Failed Fuel

One of the main concerns expressed by DOE and others is
what to do with failed fuel?

It is my position that the

first fuel that should be consolidated is the failed fuel.
Once consolidated and containerized the failed fuel is much
less of a concern, and in fact should be no different than
unfailed fuel.

For this reason the RG&E R&D program specifically and
intentionally involves the disassembly of failed fuel.

The

fuel available for consolidation does not knowingly include
hydrided fuel which could exhibit structural weaknesses.
The fuel available included densified fuel with flattened
sections which would interfer with pulling rods through the
grids.

No breaking of fuel rods would be expected.
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Rods

pulled to date (1074) have resulted in no breakage.

Several

have stuck as a result of flat spots; a slight twist to
align the long dimension of the flatten cross-section slong
the diagonal of the grid space was adequate to free and
extract the rod.

One rod, following interference with a grid resulted in
the release of a gas bubble. The rising bubble (baseball to
grapefruit size (depending on which operator one talks to)
was clearly visible by operators and they were able to
vacate the working platform by the time the bubble broke
surface (video tapes of the bubble are very impressive).
Alarms were triggered.

No significant consequence resulted

from the release, and after necessary precautions operators
resumed work.

A special failed fuel rod canister was designed for
failed fuel rods.

To date no fuel has been inserted into

the canister.

3.

Consolidation Operations

Much attention and concern has been given to crud
release as a result of the Duke/Westinghouse experience.
Crud release was controlled by a shroud surrounding the fuel
assembly with a pump and filter arrangement attached to the
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shroud.

Water clarity was maintained and no detectable

increase in pool activity occurred.

Rods were grappled with a collet arrangement and
movement was initiated with a snatch and jerk motion.
Continuous pulling forces were considerably greater than
those reported in the Duke/Westinghouse experience and in
information available from fuel reconstitution operations.
Initial pulling forces varied from 70 to 115 lbs. and
averaged about 90 lbs. or 10 lbs. per grid.

In general, rod

pulling went smoothly with single rod pulls.

Initial consolidated fuel operations resulted in
extremely poor compaction due to the unexpected flexibility
of fuel rods and operator inexperience.

Increased care and

selection of skilled operators improved compaction ratios
significantly, and as operators gained experience, rod pulling
rates of two minutes or less were maintained.

Rod control

during insertion in the fuel canister is extremely important
and is an area which needs considerable engineering attention.

The R6&E Westinghouse assemblies required the cutting of
guide tubes below the top nozzle using inside cutters such
that the top nozzle could be removed for access to fuc:l
rods.

Initial efforts to use pneumatically driven cutter®

resulted in broken cutters due to lack of good control ©f
W-242

torquing forces. The use of a cutter with "feel" worked well.

4.

Non-fuel Hardware Compaction

One of the biggest surprises occurred during the
crushing and shearing operations of skeletons. The equipment
utilized was similar to equipment used in earlier R&D work
on non-irradiated skeletons.
accomplished successfully.

These earlier efforts were

Crushing of grids from these

irradiated skeletons went as expected. However, the shearing
of guide tubes resulted in the breakage of cutting blades.
Subsequent observation by video camera placed within the
crusher-shear revealeci an explosive breaking apart of guide
tubes rather than a smooth shearing operation. The operation
resulted in stressing and cracking of blades as well as the
flying of pieces in all directions.

Additionally, pieces falling into the non-fuel canister
did not efficiently fill voids and spaces.

Significant

"bridging" occurred and resulted in poor compaction ratios.
Redesign of the crusher shear and the addition of an intermediate compaction stage is necessary.

This is proposed to

be part of a continuing program at Battelle Columbus this
summer.
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5.

Thermal Testing of Consolidated Fuel in Canisters

To provide valuable data to designers of spent fuel
storage and transport cask systems the R&D program included
the loading of instrumented canisters with subsequent data
taking to measure internal canister temperatures in water,
helium and nitrogen atmospheres in both the vertical and
horizontal orientation.

Five such instrumented canisters

were constructed with 15 thermocouples each located in 5
equally spaced axial locations and 3 radial locations.

Unfortunately the time allotted for the program at West
Valley resulted in program termination after only one
canister was loaded and measured.

Fortunately, the handling

and data taking for the instrumented canister was one of the
more successful portions of the program.

Internal tempera-

tures for nitrogen were lower than expected indicating that
considerable heat transfer through rod-to-rod conductive
transfer is taking place. This was further indicated by the
very significant drop in temperature resulting from the
change to horizontal position increasing rod-to-rod contact
(see attached figure).

6.

Additional efforts in R&D Program

The U.S. Tool & Die design incorporates the ability to
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withdraw all rods of an assembly at a time and keeps rods
captured and restrained throughout the process.

The system

is designed to be capable of working rapidly with basic
equipment which is compact in design when consolidating
non-failed fuel.

The current design does not have maximum

flexibility to deal with failed or distorted fuel, but was
designed with the premise that more than 95% of all fuel is
non-failed.

Their equipment, however, will be tested with

RG&E collapsed fuel at Battelle Columbus.

It is also being planned to ship additional fuel to
Battelle Columbus such that testing of additional instrumented
canisters and redesign of a crushed-shear can be accomplished.

This program should be completed by the end of

this Summer.

7.

Costs of Consolidation

As a result of our R&D program I have confidence that,
following a development period, commercial consolidation
equipment which can consolidate a minimum of one or to two
assemblies per shift can be provided for approximately
$500,000, depending on degree of automation and complexity,
and that overall consolidation costs of $25 per increased
kg. of fuel storage capability can be achieved.
not include the cost of re-racking.
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This does

The cost is comparable

with the $25/kg. average incurred by industry re-racking and
is less than half the cost per kg. of other storage alternative cost studies made to date.

I wish to add, that results of our thermal studies
indicate that dry storage in air may very likely be feasible,
and if such is the case the cost of on-site dry storage can
drop significantly from cost estimates made to date, to
near the $25/kg. figure.

Tables providing cost estimates of

storage alternatives mady by EPRI in a report published May
1984 are attached for comparison.
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RGlE CAPACITY AND COSTS TO INCREASE
AT REACTOR STORAGE

STORAGE
LOCATIONS
ORIGINAL P U N T DESIGN
1977 RERACK
1984 RERACK
1935 CONSOL. FUEL
1936 CONSOL, FUEL
FUTURE CONSOL, FUEL

204
595
1016
1016
1360
1856

YEARS
2
16
32
32
55
74

1934 RERACK
LICENSING (INCL. SEISMIC CONSOL. FUEL)
RACK COMPONENT FABRICATION
INSTALLATION

RG&E PLANT INCL. DECON. AND AFDC
TOTAL
1935 CONSOL. FUEL LICENSING
(CRITICALITY & THERMAL)

000's DOLLARS
145
430
769

$/KG.

2,123

.90
2.65
4.75
4.30
13.10

25

,15

m

THERMAL CROSS-SECTIONS
CONSOLIDATED FUEL CANISTER
NITROGEN FILLED
120 h

ro
oo

S — a BOTTOM FUEL

AMBIENT
CANISTER CENTER-VERT.
CANISTER CENTER-HOR.
— * TOP FUEL

0" 10
§#f

30 40 50

70 80 90 100 110 120 130 140 ISO 160

AXIAL LOCATION-INCHES

DISPOSAL AND REGULATORY CONSIDERATIONS
ASSOCIATED WITH BUNOLE SCRAP HARDWART"
Bob Rtsmussen
Duke Power Company
As the nuclear utility Industry continufS to move ahead with further
investigation and demonstration of the rod consolidation alternative
for increasing spent fuel storage capacity, most of the technical and
regulatory questions have been or should be answered 1n the near future.
However, in dealing with the storage and ultimate disposal of the
resulting Irradiated scrap hardware, the resolution of some very troublesome technical and regulatory Issues has been somewhat lagging behind.
The economic consequences of this problem will likely Impede a smooth
transition Into full scale use of the rod consolidation technology 1n
the U. S.
Duke Power Company's experience with the problem of Irradiated scrap
hardware disposal began in early 1983. Three 52" canisters containing
the compacted structural components of four Babcock & Wilcox fuel
assemblies were shipped to Barnwell, South Carolina for disposal at the
Chem-Nuclear shallow land burial facility. This was a fina'l cleanup
task that remained following a Joint Duke/Westinghouse rod consolidation demonstration in the fall of i982. Surface dose rates for these
canisters ranged from 3000 to 6000 R/hr. ^ery high surcharges and
special services required to dispose of highly radioactive material
at Barnwell resulted 1n yery high disposal costs for these three canisters (Invoices totaled $41,000). Despite substantial cost reduction
that could be realized with.'measures such as Improved compaction equipment and consolidated shipments, 1t became quite obvious to Duke that
scrap hardware disposition would be a significant cost factor 1n evaluating rod consolidation as an option for expanding spent fuel storage
capacity.
The basic source of Duke's scrap hardware disposal headaches 1n 1983
was Cobalt-60 generation. Greater than 90% of the radioactivity given
off from a five year cooled fuel assembly skeleton will be due to the
presence of Cobalt-60. This radioisotope is generated through neutron
activation of small Cobalt impurities. The high neutron capture cross
section for Cobalt causes this to be a problem even with very small
amounts being present initially. Cobalt Impurities are most evident 1n
nickel. While there is some nickel used 1n producing stainless steel
(approx. 10%) 1t makes up 50-70 percent by weight of Inconel. As a
result, Inconel, especially that in the active fuel zone, becomes a
problem from the handling standpoint. Surface radiation readings taken
from Oukes compacted hardware canisters fluctuated widely along the
length of the canisters corresponding to the alternating spacer grids
and end fittings. Figure 1 Illustrates the effect of burnup and decay
time on Co-60 production 1n a PWR assembly. The three curves for the
B&W assembly Illustrate the effect burnup has on cobalt generation.
The Inclusion of a CE fuel assembly Illustrates the effect of minimizing
the use of Inconel in the structural design. In all cases the Co-60 1s
essentially gone after 40-50 ytars.
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components generated from a consolidation effort. While there are
some uncertainties associated with the waste program, this could be
a souce of some relief. Current regulations do not allow on-site, dry
storage of low-level waste for more than five years, however, in-pool
storage of scrap hardware might be feasible for some utilities. Despite
the costs that would be associated with in-rack or above-rack storage*
some savings could be realized by avoiding the high costs of shallow
land burial. Success of this alternative will obviously depend on
maintaining ongoing interaction with DOE.
Resolution of the above technical and regulatory Issues in the near
tern should prove to be quite beneficial to the continued advancement
of rod consolidation as a viable spent fuel storage expansion alternative.
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Since Duke's 1983 disposal effort, the low-level waste regulatory
picture has changed considerably. The existing regulations having
the most Impact on disposal of skeleton structural components Is
10CFR61 which classifies various radioisotopes based on the activity
concentrations present in the waste form. The particular radioisotopes
to which these limits are applied are those with very long half-lives
Including transuranics and certain short-lived radioisotopes such
as Cobalt-60 where high energy radioactive decay 1$ prominent. Of
most concern when dealing with fuel assembly structural hardware are
situations where these components exceed the class C limits. Concentrations above class C are generally not acceptable for shallow land
burial unless an NRC approved exception is obtained for each individual shipment. Table I below summarizes the class C limits of Interest
In considering the disposal of fuel assembly structural components.
TABLE I
1OCFR Part 61 Class C Limits
Rad1onucl1de

Half-Life

C-1A in activated metal
N1-59 1n activated metal
No-94 1n activated metal
N1-63 1n activated metal

5,730
80.000
80.000
100

years
years
years
years

Class C Limit
80 C 1 / M !
220 C1/MX
0.2 C1/M|
7,000 C1/M°

The two Nickel Isotopes and the Niobium are the three long-Hved
radionuclides of most concern with Irradiated hardware components. While
Zircaloy contains very small (less than .02 weight %) amounts of nickel,
the stainless steel and Inconel components are the primary sources.
Niobium shows up 1n measureable quantities in Inconel but 1s non-existent
1n the stainless steel and Zircaloy. Additionally, a detailed listing
of the chemical element make-up for Inconel and stainless steel show
that the weight percent concentration for nickel is much greater in the
Inconel than 1n the stainless steel. As a result, the Inconel components, especially those 1n the active fuel rone, become the most difficult
hardware components to deal with from a disposal standpoint.
In light of these regulations, other Issues dealing with consistency
of methods used 1n determining 1sotop1c content are raised. While 10CFR61
1s very clear 1n stating what the limits are, it provides no guidance
for determining compliance with those limits. Since the stated limits
are quite low, minor variations 1n calculational techniques and assumptions made on Initial material composition could have ft substantial Impact
on final classification. Additionally, a technical challenge is presented here 1n that considerable cost savings could be realized through
segregation of high activity components from those that present mss
of a problem.
Based on recent discussion with personnel from DOE's Office of Commercial
Radioactive Waste Management, the Nuclear Waste Policy Act, passed in
1983, provides for the permanent disposal of fuel assembly hardware
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THIRD INTERNATIONAL SPENT FUEL STORAGE TECHNOLOGY
SYMPOSIUM/WORKSHOP
May 19, 1986
Workshop Title:

System Integration and Optimization Workshop

Workshop Session: Morning, April 10, 1986
Chairmen:

J. B. Moegling, E. R. Johnson

Summary:
The lead-off speakers for the workshop and the subjects of their
discussions were as follows:
Yong Park (NUS) - An Assessment of the Use of Half-Square Cans on the
Management of Spent Fuel.
R. P. Morissette (GA Technologies) - Universal Canister Concept for
Spent Nuclear Fuel Storage, Transport, and Disposal.
Richard Unterzuber (Westinghouse) - Westinghouse Phase I Study of
Metallic Cask Systems for Spent Fuel Management From Reactor to
Repository.
Kurk Goldmann and Paul McCreery (Transnuclear) - Extra Large Casks
for Storage and Transport of Spent Fuel.
E. R. Johnson (E. R. Johnson Associates) - Assessment of the Use of a
Multipurpose and Centralized Facility for the Disassembly and
Packaging of Spent Nuclear Fuel to Support the Various Segments of
the DOE Waste Management System.
William H. Whitling and Burton F. Judson (GE) - Structural Analysis
of the Browns Ferry Spent Fuel Storage Pool.
Other panel members included Carl Connor (DOE), R. Williams (EPRI), and
Phillip Craig (Nuclear Packaging).
Carl Connor opened the workshop by explaining the intent and scope of the
DOE PRDA project. He stated that the program was intended to support the
study of innovative cask system concepts that could help to optimize the
packaging and handling of spent fuel. Six projects were chosen for
funding and five were completed.
The GA study investigated a universal canister that could be loaded at
the reactor and would subsequently interface with the storage, transport,
and repository systems. Three major objectives were established for th®
canister:
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1. The design must accommodate 95 percent of current and future spent
fuel.
2.

Payload was to be maximized.

3. Canisters were to be exchangeable between truck and rail casks.
The study also developed time-phased inventory distribution of: current
and future spent fuel based on heat load, source strength, and fissile
enrichment to establish the optimum inventory handling capability of the
canister.
A universal canister design was developed that handles three PWR or six
BWR unconsolidated assemblies. A single canister would be placed in an
overweight truck cask while a rail cask could handle six canisters.
Various arrangements of spent fuel were proposed for different repository
media. The study concluded that the universal canister is feasible,
improves system flexibility, and enhances safety and licensability.
The NUS project developed the design of the half-square can concept and
determined the increased packaging efficiency achievable with this
design. Comparisons of shipping cask configurations and potential
savings to the spent fuel management system through increased
transportation efficiency was determined for six transportation/
packaging system configurations. Configurations involving shipment
directly to the repository assumed either 100-percent truck shipment or a
70/30 truck to rail mix. Configurations that included an MRS assumed the
same shipment arrangements as above to the MRS but 100-percent special
train from the MRS to the repository. All cases except those involving a
70/30 mix assumed at-reactor consolidation. Savings of from $300 to $500
million to the overall spent fuel management system were indicated using
the half-square can concept. The study concluded:
1. The half-square can is mechanically viable.
2.

Increased efficiency can be achieved in storage, transport, and
disposal in tuff using this concept.

3. The maximum impact is on truck shipments.
4. At-reactor rod consolidation is enhanced.
5. There are considerable potential savings to the spent fuel management
system.
Westinghouse analyzed 24 cases that combine 5 metal cask system designs,
4 variations of the location of fuel consolidation, and 4 combinations of
fuel cycle elements. The cases were analyzed for both an on time
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repository startup and an 8-year delay. For cost parameters that were
considered critical, sensitivity analyses were performed to determine the
effects of single parameter variations and of combinations of critical
parameter variations. The study concluded:
1. The conventional (transport-only) cask system, the dual-purpose
(storage/transport) cask system, and the universal (storage/
transport/disposal) package system all show merit, and all may have a
place in the spent fuel management system.
2.

Consolidation is beneficial to the spent fuel management system and
has maximum impact when performed early in the system, i.e., at
reactor or MRS.

3. These metal cask systems, in conjunction with an MRS, would provide
system flexibility, reduce cost, and reduce transportation impacts.
These improvements increase as the repository is delayed.
Transnuclear investigated the feasibility of using extra large
storage/transport casks (XLSC) that would use a transfer cask or device
to remove fuel from the pool. Also included was a portable hot cell
facility for consolidation that would interface with the pool transfer
device and the XLSC. Four configurations of XLSC were analyzed along
with three concepts for the transfer cask. Triangular cans were used (nc
cask baskets) for consolidated fuel. For unconsolidated fuel, the
capacity of the transport/storage XLSC was about four times the DOE
reference rail cask. For consolidated fuel, the increase was five times
for PWR and seven for BUR. Additional capacity would be achieved for a
storage-only cask. The study concluded:
1. The XLSC of up to 215 tons for transport and/or storage are feasible
and can be handled.
2.

Triangular storage cans are more efficient than square cans and can
eliminate the cask basket.

3. The limiting parameters are cask width for transport and maximum
storage temperature for storage-only casks.
4.

Considerable cost savings may be achieved using the XLSC system.

E. R. Johnson Associates analyzed the advantages and feasibility of
having a centralized disassembly and packaging facility in the spent fuel
management system. The study developed design criteria, a conceptual
design, and cost estimates for the facility. System life cycle costs
were then developed for a series of scenarios involving three DOE
acceptance schedules, three repository schedules, and four spent fuel
management system configurations. The study concluded:
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1. A central packaging facility (CPF) would add about $900 million, if
no storage was provided.
2.

The CPF would be about $1 billion less than a backup (storage-only)
MRS.

3. At-reactor storage is economic for some quantities of storage but
becomes less so as storage requirements grow (i.e., a delay in the
DOE acceptance schedules).
4. The CPF is advantageous to the spent fuel management system in that
it (1) adds considerable system flexibility, (2) decouples siting and
licensing of the disassembly and packaging process and facility from
the repository program, (3) maintains program momentum and adds to
the public confidence that progress is being made, and (4) reduces
transportation impacts.
The General Electric presentation was of the structural reanalysis of the
TVA Browns Ferry spent fuel pool to determine if the pool floor can
accommodate storage of consolidated fuel. In general, it has been
considered that the elevated pools at BWR plants approach their
structural limit when high-density storage racks have been installed. A
computer model of the pool structure including the floor slab, 15
vertical wall sections, and 5 horizontal wing sections were reviewed.
Actual arrangements of rebar and stirrups in the concrete were accounted
for. Using both linear and nonlinear elastic techniques and the
"ultimate strength design" method, the analysis confirmed that the Browns
Ferry pool floors can safely accommodate storage of consolidated fuel.
Two additional conclusions were reached:
1

Analytical methods are now available to readily determine the loading
margins in storage pool system structures.

2. Advanced structural analysis of the pool system should be an early
step to determine if expanded pool storage is viable.
Bob Williams presented the major results EPRI has perceived from the PRDA
studies and suggested the following points be considered in follow-up
studies.
1. Build in system flexibility to the maximum extent possible.
2.

If possible, decouple at-reactor requirements and operations from the
repository.

3. Reactor-specific analyses need to be performed. More emphasis should
be placed on the characteristics of early fuel to feed into the
system.
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4. Many utilities will consolidate fuel. The MRS, as built, should be
capable of repackaging the fuel.
5. A complete family of shipping casks ranging from perhaps 60 tons up
to the size of the TH XLSC appears to have a place in the system.
More data on the specific requirements of individual reactors are
needed to fully define this cask family.
6.

An onsite transfer device or cask has application and should be
developed in conjunction with an interested utility.

7. Package/canister configurations have a much greater impact on small
casks than large.
8. Better system models should be developed and more complete system
integration studies need to be conducted.
Phil Craig briefly reviewed the system Nuclear Packaging has developed to
transfer the damaged TMI 2 core. This system included many of the "good
ideas," including a transfer device, that were discussed in the workshop.
Carl Connor concluded the workshop with a brief review of DOE's
perception of the areas that might warrant additional study. Their major
interest appeared to be in the half-square cans, dual-purpose casks,
XLSC, and systems integration.
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WORKSHOP 4
SYSTEM INTEGRATION & OPTIHIZATION

NUS Study for DOE's PRDA on
Nuclear Waste Packaging and
Handling Design Initiative
I

•
»
*
»

Introduction and Purpose
Study Approach
Results and Discussion
Conclusions

Introduction and Purpose

CO

DOE- Solicited Ideas for Improvmg Packaging and
Handling of Spent Fuel
Flexible Ideas To Accommodate Present
Uncertainties
NUS - One of 6 Contractors
NUS Study Based on the Concept of Half-Square
Can
Study Purpose - Develop the Design of HalfSquare Can and Evaluate Its Use in the Waste
System

Study Approach

no
en
us

Design Half-Square Cans
Define Optimum Arrays of Half-Square and FullSquare Cans, Including the Design of Fittings and
Components
Determine the Feasibility of a Legal-Weight Truck
Cask
Evaluate the System Benefits of Using Appropriate
Arrays and Truck Cask

Results and Discussion
I

re
o

>
>
»
»

Design of Half-Square Cans
Optimum Arrays
Legal-Weight Truck Cask
System Economics

Mechanical Design of Half-Square Cans

o

•

Basic Construction — 60 Mi! Thick 304 Stainless Steel Sheets
— Top and Bottom Plates (1/4" and 3/16")
— Top and Bottom Coupling Devices
— 3 Lifting Lugs

•

Packing Efficiency - 90% for PWR

•

1
• Demonstrated Upper Limit — 96%

Stress/ Structural Analyses — Adequate to Carry Fuel Assembly
Weights with 15% Additional Load for
Dynamic Effects During Lifting
» Handling Feasibility — Verified by Commonwealth Edison Fuel
Handling Staff

Top Clips Located on
Lifting Lugs

Extension
Spring
Connector Bolt
Lugs Welded to Bottom
of Support Plate

Half-Square Can Pair
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Cost of Half/Full Square Cans

PWR
BWR

Two Half-Square
Cans

One Full-Square
Can

Difference

$2,710
$2,620

$1,192
$1,102

$1,518
$1,518

Basis:
I

CT
CO

—- Design and Engineering Drawings
— Estimate by U.S. Tool and Die, Inc. (Allison Park, Pennsylvania)
Unit Cost:
— $0.55/kgU for PWR (Based on 6 PWR Package)
| [$2,710 + 2 x $1,192] - [3 x $1,192] J ^ 2,766 kgU =
$0.55/kgU
— $1.01/kgU for BWR (Based on 16 BWR Package)
| [4 x $1,310 + 6 x $1,102] - [8 x $1,102] J 4- 3,024 kgU =
$1.01/kgU

PWR

d = 2.236 £ (6Assys)

d = 2.577 8 (6Assys)
Efficiency = 0.575

Efficiency = 0.764

d = 1.980 C (4Assys)

d = 2.236 fi (4Assys)
Efficiency = 0.509

Efficiency = 0.650

BWR

I

d - 50.8 cm

d = 59.8 cm

d = 3.6066 (16Assys)

d = 4.243 8 (18Assys)
Efficiency = 0.637

Efficiency = 0.784

Figure 1. Basic Configurations for PWR-BWR Fuel. (All Consolidated Fuel).
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Comparison of Shipping Cask Configurations
DOE/PRDA System

Systems using Half- and/or Full-Square Cans

Truck Cask
5 Intact
BWR Assys

2 Intact
PWR Assys

16 Consolidated
BWR Assys

6 Consolidated
PWR Assys

40 Consolidated
BWR Assys

20 Consolidated
PWR Assys

4 Consolidated
PWR Assys

01

Rail Cask

36 Intact
BWR Assys

14 Intact
PWR Assys

16 Consolidated
PWR Assys

Mechanical Design of Baskets
Basic Construction
—

6 PWR Basket: 8 S/S Preformed Members Welded

—

16 BWR Basket: 14 S/S Preformed Members Welded

Redundant Lifting Lugs (2 Out of 4 Required)
Bottom Plate Supports Fuel During Handling
Spent Fuel Loaded Vertically
Stress/ Structural Analyses — Designed to Sustain a 5g Lateral Force'
During Shipping
Cost — $5,000/Basket

Transportation Cost Basis

f

•

$1.2 Million for Truck Cask

•

$2.6 Million for Kail Cask

•

Rail Speed of 3.3 (Distance) 05 + 6 Miles/ Day (With a Minimum of 40 Miles/Day)

•

Truck Speed of 35 Miles/ Hour

•

Cask Handling Times (Loading and Unloading)
— 48 Hours/ Rail Cask at Reactor
— 24 Hours/Truck Cask at Reactor
— 24 Hours/Rail Cask at MRS/Repository
—

12 Hours/Truck Cask at MRS/ Repository

•

8% of Truck Cask Cost for Maintenance

•

3.5% of Rail Cask Cost for Maintenance

•

Freight Charges (Tri-State Motor Transit Co.)

•

Security Cost (As a Function of Shipping Distance)

Feasibility of Truck Casks
Legal-Weight Truck Casks (Within 80,000 lb Gross Vehicle Weight)
— 6 PWR With Depleted Uranium
— 4 PWR With Stainless Steel
— 16 BWR With Depleted Uranium
— All Meet the 10 mrem/hr Dose Criteria
— Requires an Outer Protective Barrier

(52,700 lb Loaded Cask)
(55,500 lb Loaded Cask)
(52,300 Ib Loaded Cask)
(Except for 4 PWR)

Overweight Truck Casks (105,000 Ib Gross Vehicle Weight)
— 6 PWR With Stainless Steel
— 16 BWR With Stainless Steel
— All Meet the 10 mrem/hr Dose Criteria
— Requires an Outer Protective Barrier

(70,000 Ib Loaded Cask)
(72,000 Ib Loaded Cask)

Sensitivity of Burnup/ Age
Dose Criteria
-

6 PWR LWT (DU):

5 Yr - 46 GWD/T
10 Yr - 53 GWD/T
16 BWR LWT (DU): 5 Y r - « 2 8 G W D / T
10 Yr - 28 GWD/T

Peak Clad Temp.
Transp. Limit
5 Yr 10 Yr 5 Yr 10 Yr -

35 GWD/T
50 GWD/T
34 GWD/T
>34 GWD/T

Key Economic Assumptions for PRDA
Studies
•
•
•

Constant-Dollar Analyses (Used 1984 Dollars)
A Real Discount Rate of 3%/ Year
Repository Costs:
— $6,723 Million for Salt
— $7,006 Million for Tuff
— $6,784 Million for Granite
— $10,839 Million for Basalt

Three Principal Reference System Configurations (Salt/Granite)
RS 3

RS 2

RS 1
AT-Reactor

l

•si

O

Emplacement

6 Consolidated PWR

AT-Salt

6 Consolidated PWR
12 Consolidated PWR

6 Consolidated PWR

Three Principal Alternate System Configurations (Salt/Granite)

AT Reactor

I

AS 3

AS 2

AS 1
DryStorage

|

AT Reactor

70% by Rail

AT Reactor

Dry Storage
Cans
Consolidation

30% by Truck

100% by Truck
Consolidated
PWR

2 Intact
PWR
Packaging
Storage

ATMRS

AT MRS

AT MRS

no
100% by Special Train

100% by Special Train

\

|

AT-Granite

Emplacement

Emplacement

|

AT Granite

Emplacement

|

AT Salt

AT Sals

\

\

\

[

\

Emplacement

|
Consolidated
PWR

Consolidated
PWR
Consolidated
PWR

Consolidated
PWR

Consolidated
PWR

Figure 6-7. Transportation Distance for Reference Waste Systems.

to
800 MUes (Truck)
900 Mites (Rail)

Figure 6-8. Transportation Distance for Alternate Waste System.

Truck Cask Loading and Transportation Cost

RS-1

RS-3

CD

m

2PWR
Intact

4PWR
Consolidated

$1,493 M
Kef.

$1,030 M
31% Savings

RS-2

50% Increase
in Loading

ro

Total
Transport Costs

6PWR
Consolidated

31%
Increase
In
Savings

$566 M
62% Savings

Comparison of Repository Package Configurations
DOE/PRDA Systems

Systems using Half- and/or Full-Square Cans

Salt

ID. 64CM
12PWR

I.D. = 48.5 CM
6PWR

I.D. = 55.9 CM
6PWR

Granite
en

I.D. = 68 CM
6PWR

I.D. = 48.5 CM
6PWR

Basalt
I.O. = 68 CM
6PWR

I.D. = 42.9 CM
4PWR

Tuff

I D = 33.4 CM
4PWR

I.D. - 48.5 CM
6PWR

I.D. = 55.9 CM
6PWR

Reference System Cost Savings Associated
With Half-Square Cans and AT-Reactor
Consolidation
(Millions of 1984 Dollars)
I

DOE/PRDA
Systems

Half-Sq.
Can Systems

Total
Savings Due To
Cost Savings Half-Sq. Cans

Salt/Granite

14,400

13,800

600

200

Basalt/Granite

19,000

18,300

700

-300

Tuff/Granite

15,100

13,900

1,200

-500

Similar Savings in Alternate Systems With MRS.

Conclusions

ro
j

Half-Square Form — The Best Combination of Efficiency and
Coverage of Practical Alternative Forms
The Half-Square Can — Mechanically Viable
For L WT Cask — 50% Increase in Spent Fuel Loading and 30%
Reduction in Transportation Impacts
Use of Half-Square Can — Enhances the Relative Attractiveness
of AT-Reactor Consolidation
Realization of Potential Economic Benefits — Limited by
Institutional Issue(s)

UHX9ERSJL QHISTEB CONCEPT
FOE
SPENT NUCLEAR FUEL SXDRJSE,
TRJfSSK>RTAT]DN, AND DISMSM.
by

R. P. Morissette
GA Technologies Ine.
Presented at
Third International Spent Fuel Storage
Technology Symposium/Workshop
April 8-10, 1986
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DOE'S Draft Mission Plan for the Civilian Radioactive Waste Management
Program issued in April 1984 addresses the concern that the Commercial Radioactive Waste tfenagement (CRWM) system could potentially evolve into a
nulti-elsiient system shown in figure 1 resulting in a number of separate
packaging and handling operations. Because of this concern, a Program Research
and Development Announcement (PRDA) was initiated to solicit from industry new
and novel ideas for improvements in CRWM systen. As a result of the PRDA, GA
technologies was contracted to study a system utilizing a universal canister
which could be loaded in the fuel storage pools at reactor s i t e s and would
subsequently interface with at-reactor dry storage, transportation, interim
storage, monitored retrievable storage, and repository receiving and handling.
GA's concept was developed and should be evaluated in t£e context of a waste
management system which included a high level of uncertainty in the number and
types of f a c i l i t i e s and processes necessary to implement the program.
The objective of this study was to develop a system which would allow DOE
tc meet the mission requirements of the Nuclear Waste Policy Act with maximum
flexibility and minima cost. The proposed concept would provide for handling,
shipping, and storing of spent fuel such that packaging and handling would be
minimized. Because of uncertainties in the implementation of the CRWM system,
the proposed concept should provide the flexibility necessary to accommodate
future changes in the system while reducing the risks involved in handling
high-level radioactive waste.
The proposed universal canister concept was developed with these objectives
in mind. First, the canister criteria were selected after extensive analysis
of current and future spent fuel inventories to insure that the proposed systoi
could handle up to 95$ of this inventory within the design capacity of both the
canister and associated shipping and storage equipment. Heat load and
radiation source terms required for design were determined based on expected
age and burnup of the spent fuel. The age was based oa DOE's draft mission
plan waste acceptance schedule, (Ref. 1).
Second, canister concepts were evaluated along with the shipping and
storage casks to determine the maximum payload within regulatory and
operational limits. Engineering analyses were performed on various canister
W-279

FEDERAL INTERIM STORAGE
AT-REACTOR STORAGE

REPROCESSING

ro
oo
o

MONITORED
RETRIEVABLE
STORAGE

and cask ev Orations to determine fuel temperatures and shielding
requirements. To maximize toe flexibility of the system, exchangeability of
canisters between truck and rail cask was one of the criteria used in the
development of the canister.
The following provides a sunoary of the GA PROA program study.
report on the study i s provided in Reference 2 .
1.

A complete

IMVEMTORT ANALYSTS

An Important subtask on the PRDA Systems Studies has been to carry out an
analysis of the time-phased statistical distribution of those spent fuel
inventory characteristics which could limit the size of transport and storage
casks, or disposal packages. The inventory characteristics of burnup and decay
age define the heat load, and the gamma and neutron shielding source terms.
The inventory analysis also included criticality calculations based on a number
of assumed unturned f i s s i l e enrichments for several different basket arrays and
fuel assembly pitches. To perform this analysis, the acceptance schedule
provided in DOE's draft Mission Plan (Ref. 1) shown on table 1 was assumed.
Since the results of the analysis are sensitive to the acceptance schedule,
further analysis will be required upon finalization of this schedule.
The primary goal of this task was to define the time-phased inventory
distribution, as a function of heat load, neutron and gamma source strength,
and f i s s i l e enrichment in order to define a maximal payload, or inventory
handling capability, of a universal canister system design capable of handling
essentially t i l of the total inventory of UfR full discharged through the year
2020. A goal of >95$ was selected to insure that the universal canister would
operate with the equipment and f a c i l i t i e s developed for the CRHH system during
their design lifetime.
The inventory analysis has been based on the use of simple equations to f i t
a set of actual calculated data, based on 0R3EEM computer rums, or neutron and
gamma source strength and heat load as a combined function of the burnup and
decay age. These f i t s , which are accurate to within about 10S for decay ages
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of 2 to about 20 years, wtre coupled to the EOT turnup and age distributions
estimated from reactor discharge data and DOE acceptance schedule(s).
I t was concluded fross the inventory analysis that a canister/cask system
needed the capability for handling, as consolidated fuel, the equivalent of
fuel burned to 40,000 Mrfd/MTU and decayed no more than 7 years in order to
achieve a >95S inventory handling capability based on the fuel flows specified
by Ref. 1. Figures 2 and 3 show the bvrnup and age distribution which formed
the basis for this conclusion. Figure 2 also shows the age of fuel into the
MRS assuming the acceptance schedule given in table 2 . An enrichment
criticality limit for unturned fuel of <3.75S U-235 was also specified from
these studies.
2 . TOITOfitti CIMSD5J SfSTEM
The GA system proposed for the packaging and handling of spent fuel i s
centered around a univarsal canister which contains the spent fuel during
transport, storage, and intermediate handling operations. The ideal universal
canister would operate effectively throughout the waste -cycle, from spent fuel
loading at the reactor pools, through transportation and storage missions, to
final disposal at a repository. The increased system flexibility provided by
an efficient canister would reduce the sensitivity to changes made in the
overall waste handling scheme and minimized the need for defining interfaces on
systems which will be developed much later in the CHWM program.
The design objectives for the universal canister were selected to meet
overall objectives of the program. The universal canister should:
1.

maximize the number of intact elements in a single canister capable of
loading in a truck cask,

2.

be compatible with both PWR and BWR fuel,

3.

be compatible with both truck and rail casks,

4.

be capable of loading in a reactor poolr
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5.

eliminate further process at intermediate storage f a c i l i t i e s such as
FIS and MRS,

6.

provide a "clean" package for all subsequent steps after loading at
titie reactor pool.

7.

meet the spent fuel burnup and age criteria which will allcw handling,
storage, and shipment of 951 of the spent fuel inventory, and,

8.

not impose rod consolidation requirement in any element of the system.

Several canister sizes and configurations were investigated during the
course of the PHM study. These included large rail canister designs and a
series of smaller designs capable of being transported by truck or rail cask.
Canisters designed for transport by legal weight truck (LOT) were examined in
both circular and rectangular cross-section configurations. The circular configuration was found to have limited capacity in the LWT mode for the age and
burnup of the spent fuel inventory specified, and i t s packing arrangement in a
rail cask severely limited i t s capacity. The rectangular cross-section LWT
canister was similarly limited in the truck cask because of spent fuel age and
burnup shielding requirements, but i t packed more efficiently in a rail cask
than did the circular canister.
After an investigation was done which confirmed the viability of truck
transport at a weight exceeding the LWT limit, a canister design was found
which works efficiently in both truck and rail transport modes. The design,
shown on figure 4 has a modified circular sector cross-section which f i t s
efficiently within a 40 ton truck cask having a minimun cavity diameter of 25.0
inches, or within the 100 ton rail cask with a minisua cavity diameter of 57.0
inches. The canister can operate in the truck transportation node (singly),
the rail transportation aode (six per rail cask), or the storage mode (six per
storage cask or storage module position}. The arrangement of the six canisters
i s shown on figure 5. The capacity of this canister i s Z PWR or 6 BW8 intact
SFAs. When loaded with consolidated fuel, this canister holds the equivalent
of 6 PWR or 12 ENR SFAs for spent fuel rods consolidated at a reactor, or til©
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ORAININS/BACKFILLING
VALVES

CLOSURE CAM LOCKS

CANISTER LIFTING FIXTURE

WELDED LID
CONFIGURATION

Fig. 4.

Principal canister design
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SPENT FUEL
CANISTERS (6)
S7.Q IN.

NEUTRON SHIELQSNC

SHIELOING LINER
CASK BODY

Figure 5.

Arrangement of 6 pr-cipal design
canisters in a rail lipping cask,
a storage cask, or a storage nodule
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to

o

CONFIG A
TUFF/GRANITE/BASALT
3 INTACT ASSEMBLIES

CONFIG C
SASALT/TUFF/GRANIK
ONE INTACT ASSEMBLY
PLUS 4 CONSOLIDATED RODS

CONFIG A
BASALT
2 INTACT HOT ASSEMBLIES

CONFIG B
BASALT/TUFF/GRANITE
TWO INTACT ASSEMBLIES
PLUS 2 CONSOLIDATED RODS

CONFIG 0
SALT/BASALT/TUFF/GRANITE
6 CONSOLIDATED RODS

CONFIG E
SALT/TUFF/GRANITE
8 CONSOLIDATED RODS

Fig, 6, Universal canister waste package configurations for
repository application

equivalent of 8 FWR or 16 BfeTR SFAs for spent fuel rods consolidated at the
packaging facility in preparation for repository disposal.
For use in a disposal package, the GA canister must be placed in a heavier
wall burial container to withstand the lithostatic pressure and the long-tens
corrosion requirements for salt or basalt repositories. For tuff or granite
repositories, the GA canister can be osplaced directly if the canister i s
constructed of stainless steel. Figure 6 shows possible disposal package
configuration which would provide package heat loads acceptable to each
candidate repository media.
The GA universal canisters would be loaded at the reactor spent fuel pool
and shipped either immediately off-site by truck or rail transport cask, or
stored on-site in storage casks. The loading operation in the reactor pool i s
similar to loading standard shipping casks. Canisters can be pre-loaded or
loaded while positioned inside the shipping or storage casks. The operation
uses standard closure and dewatering systems. The canisters are designed to
accommodate either intact SFAs or spent fuel rods from consolidation operations
at the reactors. If stored on-site, the canisters would be transferred to
transport casks just prior to off-site shipments. This transfer operation i s
unnecessary if the on-site storage casks are also qualified for off-site
transportation duties.
The mechanically sealed canister lids are adequate for temporary storage,
however, the canisters can be sealed by welding a top cover over the
mechanically sealed l i d i f medium to long-term storage i s required at the MRS
facility. They can then be placed directly into storage without opening the
canisters. Consolidation and canning at the MRS can be avoided resulting in a
relatively simple facility. Six loaded canisters can be stored in each storage
cask or storage module position in an MRS facility. Direct shipment of the
canisters to the repositories i s performed when storage at the MRS facility i s
no longer required.
Upon arrival at a repository, the canisters would be removed from the
transport casks and sent either to temporary storage or opened immediately for
processing. Following rod consolidation at the repository, the spent fuel rods
w-291

can be reloaded into the canisters and sealed for burial, or they can be loaded
into separate disposal packages and the empty canisters returned to the
reactors for reuse. The spent fuel assembly hardware (skeletons) can also be
loaded into a canister or a separate hardware disposal package. If disposal of
intact SFAs i s desired, the canisters lids can be seal welded when they arrive
at the repository* and i t waild not be necessary to re-open the canisters.
3. SYSTEM 5CQMQMTCS
The economics of the universal canister in the CRWM system were determined
for a limited nunber of scenarios, however, the results are inconclusive
because the savings which resulted reflect both the introduction of a canister
and improvements in the transportation system.
For the reference CRWM system, where spent fuel goes directly from reactors
to repositories, savings are possible with improvements in transportation and
at-reactor storage systems. The cost of the universal canister i s offset by
savings in transportation and storage cask internals. The improvements in the
transportation and storage systems could, however, be incorporated without
adoption of the canister and a decision to adopt the canister would be based on
the benefits of preparing a standard package at the reactor for future
additional handling and storage resulting from changes or delays in the DOC
mission plan.
The savings in the CRWM system due to changes in transportation system
design resulted from inventory analysis and canister design. Inventory
analysis provided design criteria which eliminated the need to derate tine
system if i t i s required to handle low cooldown and/or high turnup spent fuel,
thus maintaining operation of the system at i t s optimum payload. In developing
a canister which would operate efficiently in either a truck or rail cask led
to the selection of a canister which required shipment by overwei^it truck
(OUT). Even with a speed penalty assumed for OUT, truck transportation costs
were reduced 50%. The savings in transportation are evident from figure 7
which compares the WADCOM reference CRWM system output on total number of
transportation casks required per year for the PRDA versus the GA system. The
PPJ2A system requires more casks over shorter periods of time whereas the GA
W-292
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system results in a more uniform cask usage over the total campaign. The
impact of derating the PRDA casks can be seen by the large increase in casks in
2014.
4.

SxiSfljf FEASIBILITY

Both tiie CHWM system and the universal canister have been evaluated to
Insure their technical, licensing, economic, environmental, and socioeconomic
feasibility. The universal canister, itself, is technically feasible since i t
i s relatively simple in design, utilizes readily available materials, can be
manufactured in existing facilities, and can be readily handled with standard
«quigzuent. The universal canister concept has undergone sufficient analysis to
predict i t s performance. Canisters have been used to contain leaking fuel or
to ship and transport fuel for a number of years and therefore they do not
require any new technology development.
The technical feasibility of the CRWM system with the universal canister
was evaluated by examining each element of the system to determine the degree
of flexibility provided by the universal canister. The universal canister
provides a standard package and improves the utilization of the at-reactor and
MRS storage casks. The universal canister al*,; offers improved flexibility for
meeting repository waste package heat load limits. This is particularly
Important when the age of the fuel decreases and the turnup increases.
Canisters can be loaded with a combination of intact and consolidated fuel
assemblies such that the repository receives a package with a specified heat
load. The package contents would range from all consolidated to all intact
spent fuel.
Safety and licensability is enhanced with the universal canister since i t
provides an additional barrier within the licensed storage or transport cask as
well as providing containment of radioactive contamination during handling and
storage. Spent fuel handling facilities remain relatively free of radioactive
contamination and the amount of secondary low level waste is substantially
reduced.
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1.

DOE/IW-0005 Draft, Mission Plan for the Civilian Radioactive Waste
Management program," April 1984.

2.

GA-A18320, "Commercial Radioactive Waste Management System Feasibility with
the Universal Canister Concept," GA Technolcgies, January 1986.
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PRIORITY

TASK

1

COMMERCIAL TRANSPORT

2

MTB

3

TRUPACT FOLLOW

3

DHLW CONTRACT

4

HAVE-BLOCK

5

DUAL PURPOSE CASK
FSV CASK LICENSING
CONTROL ROD SHIPPING INFO TRANSFER
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WESTH36HOHSE PHASE 1 STUDY OF METALLIC CASK SYSTEMS
FOR SPEGJT FUEL WAHAGEWEHT FROM REACTOR TO REPOSITORY

PRESENTATION FOR SYSTEM INTEGRATION AND OPTIMIZATION WORKSHOP

THIRD INTERNATIONAL SPENT FUEL STORA6E TECHNOLOGY
SYMPOSIUM/WORKSHOP

APRIL 10, 1986
BY
RICHARD UNTERZUBER

WESTINGHOUSE WASTE TECHNOLOGY SERVICES DIVISION
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WESTIMGHOUSE PHASE 1 STUDY Of METALLIC CASK SYSTEMS
FOR SPENT FUEL MANAGEMENT FROM REACTOR TO REPOSITORY
STUDY HIGHLIGHTS
FUEL CYCLE ELEMENTS CONSIDERED
1)
2)
3)
4)

AT-REACTOR STORA6E (WET, DRY, CONSOLIDATION)
TRANSPORTATION (TRUCK. RAIL)
MRS (CONSOLIDATION, PACKAGING, DRY STORAGE)
REPOSITORY (CONSOLIDATION, PACKAGING, DISPOSAL}

FOUR SCENARIOS DEVELOPED
1)
2)
3)
4)

CONSOLIDATE AT REPOSITORY (DOE-DEFINED REFERENCE SCENARIO)
CONSOLIDATE AT REACTOR
NO CONSOLIDATION
CONSOLIDATE AT MRS (DOE-DEFINED ALTERNATE SCENARIO)

FIVE SYSTEMS DEVELOPED
1)

CONVENTIONAL CASK SYSTEM (TRANSPORT CASKS, DRY STORAGE
CASKS. BOREHOLE WASTE PACKAGES)

2) DUAL PURPOSE CASK SYSTEM (DUAL PURPOSE CASK, TRANSPORT
CASKS, BOREHOLE WASTE PACKA6ES)
3)

UNIVERSAL SELF-SHIELDED WASTE PACKAGE SYSTEM (TRUCK CASKS.
USSWP'S)

4) UNIVERSAL WASTE PACKA6E - PLUS SYSTEM (TRUCK CASKS. UWP
BASIC CASKS, TRANSP0RT/ST0RA6E CONTAINERS)
5) THIN WALL UNIVERSAL WASTE PACKA6E SYSTEM (TRANSPORT CASKS.
DRY STORA6E CASKS, BOREHOLE WASTE PACKA6ES)
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WESTIH6H0USE PHASE 1 STUDY OF METALLIC CASK SYSTEMS
FOR SPENT FUEL MAJiAGEMEKT FROM REACTOR TO REPOSITORY
STUDY HIGHLIGHTS (CONTINUED)
SYSTEM COSTS EVALUATED

TWENTY-FOUR STUDY CASES (SCENARIOS/SYSTEM COMBINATIONS):
1) ON-TIME REPOSITORY START-UP
2) 8-YEAR START-UP DELAY
ALL STUDY CASES REPEATED WITH REVISED COST
(MULTIPLE-PARAMETER SENSITIVITIES):

PARAMETERS

1) CASK COST CONSISTENCY
2) MORE RECENT COST ESTIMATES
3) IMPROVEMENTS IN CASK DESIGNS AND FABRICATION TECHNIOUES
SIN6LE COST PARAMETER EFFECTS!
1) CASK AND WASTE PACKAGE COSTS
2) CONSOLIDATION
3) TRUCK/RAIL TRANSPORTATION SPLIT
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PHASE 1 STUDY CONCLUSIONS

CONSOLIDATION IS BENEFICIAL TO SYSTEM
TRANSPORTATION
SYSTEM COST
INTEGRATED MRS HAS MERIT

-

FLEXIBILITY
TRANSPORTATION
SYSTEM COST

CONCEPTS WITH MERIT
CONVENTIONAL TRANSPORTATION CASKS
DUAL PURPOSE CASKS
UNIVERSAL SELF-SHIELDED WASTE PACKAGES
SELF-SHIELDED WASTE PACKA6ES
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Effect of Consolidation Cost & Location
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24

SPENT FUEL TRANSPORTATION DATA

SYSTEM
CONV

DPC

USSWP

TOTAL TRIP
MILES
(HILUQHS*

TOTAL
TRIPS

REACTOR

55.7

32,059

•

CONSOLIDATION
NEAR
FRONT
OF
SYSTEM
IMPROVES TRANSPORTATION

MRS

51.0

55.881

•

WASTE
PACKAGE
TRANSPORTATION IS LESS
EFFICIENT THAN SQUARE
BOXED CONSOL. FUEL

REPOSITORY

93.4

53.700

•

INTACT
FUEL
TRANSPORTATION
IS
LEAST EFFICIENT

MRS

46.6

50,799

• DUAL PURPOSE CASK HAS
HIGHER CAPACITY THAN
100-TON CASK

REPOSITORY

84.5

48.618

• MRS
CONSOLIDATION
REDUCES TBIP MILES

REACTOR

55.6

31,976

•

USSWP
CAPACITY
COMPARABLE FOR CONSOL
FUEL FROM REACTOR

MRS

57.9

63.496

•

USSWP NOT EFFICIENT
FROM MRS OR WITH
INTACT FUEL

CONSOLIDATION
LOCATION

REPOSITORY

105.4

60.605
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OBSgRVATIOMS

Repository On Time
Difference
No-MRS
MRS
At-Reactor Storage

679

284

-

395

Cask Capita!

103

106

+

3

1,617

+ 293

MRS

1,324
—

3,237

+3,237

Salt Repository

6,171

4,464

-1,707

Tuff Repository

6,755

5,149

-1,606

15,033

14,857

Cask Transportation
to

o

00

Total

767213-2 A

Figure 18. PRDA Study Cost Results
(Costs in Millions of 198S Dollars)

-

176

Repository Delayed 8 Years
Difference
MRS
NQ-MRS
2,521

284

-2,237

103

106

+

1,617

+ 289

MRS

1,328
—

4,104

+4,104

Salt Repository

6,171

4,464

-1,707

Tuff Repository

6,755

5,149

-1,606

16.878

15.724

-1,154

At-Reactor Storage
Cask Capital
Cask Transportation

Total

7G7213-3A

Figure 19.

PRDA Study Costs Results
(Costs in Millions of 198S Dollars)

3

OBSERVATIONS SUPPORTING
PHASE 1 STUDY CONCLUSIONS

CONVENTIONAL TRUCK AND RAIL CASKS ARE NEEDED AND PROVIDE
EFFICIENT TRANSPORTATION FOR INTACT FUEL WHEN CAPACITY IS
OPTIMIZED
DUAL PURPOSE CASKS POTENTIALLY ATTRACTIVE IF NUMBER OF UNITS IS
LIMITED AND ADDITIONAL SYSTEM FUNCTIONS ARE IDENTIFIED
USSWP COST EFFECTIVE FOR TRIPLE PURPOSE USE (I.E., STORAGE.
SHIPPIN6. AND DISPOSAL)
USSWP NOT EFFICIENT FOR SHIPPING INTACT FUEL ASSEMBLIES
USSWP NOT COST EFFECTIVE FOR FUEL REQUIRING ONLY SHIPPING AND
DISPOSAL (INCLUDING INTERMEDIATE STOP AT MRS. FOR
CONSOLIDATION). MORE COST EFFECTIVE TO USE SSWP (DISPOSAL ONLY
CASK) AND REUSABLE SHIPPING CASKS
NUMBER OF USSWP/SSMP UNITS REOUIRED SET BY AMOUNT OF FUEL IN
SYSTEM. NOT BY SYSTEM LOGISTICS AND SCHEDULE
USSWP/SSWP UNITS PROVIDE SYSTEM STANDARDIZATION AND FLEXIBILITY
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PRINCIPAL STUDY CONCLUSION

A SYSTEM THAT COMBINES AND INTEGRATES THE SYSTEM-ATTRACTIVE FEATURES
AND COMPONENTS OF THE CONVENTIONAL CASK, DUAL PURPOSE CASK, AND
UNIVERSAL SELF-SHIELDED WASTE PACKAGE SYSTEMS WOULD YIELD A BETTER
SYSTEM THAT THE PRESENT CONVENTIONAL CASK SYSTEM IN THE REFERENCE
SCENARIO.
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CASK FEATURES FOR INTEGRATED CASK SYSTEM

CONVENTIONAL CASKS

-

2/5 TRUCK CASK (MAXIMIZE CAPACITY)
150 TON RAIL CASK (MAXIMIZE CAPACITY)
UNIT TRAINS

DUAL PURPOSE CASKS
DRY STORA6E AND TRANSPORTABLE CASK (LIMIT TOTAL NUMBER)
UNIVERSAL WASTE PACKAGES
SELF-SHIELDED WASTE PACKAGES (FLEXIBILITY AND UNIFORMITY OF
PACKA6E AS REPOSITORY BACKUP DESI6N)
UNIVERSAL SELF-SHIELDED WASTE PACKAGES (DRY STORAGE.
TRANSPORTABLE, AND DISPOSABLE)
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PHASE 1 STUDY INSIGHTS

•

USING THE INTEGRATED MRS AND AN INTEGRATED CASK SYSTEM PROVIDES
A BALANCED SYSTEM FOR!
-

TRANSPORTATION IMPACTS
ECONOMICS
FLEXIBILITY

©

PROVIDES STANDARD PACKAGE FOR ALL GEOLOGIES

•

RADIOLOGICAL EFFECTS ON HOST 6EOLO6Y ARE ELIMINATED

»

THE INTEGRATED CASK SYSTEM MAY BE PLANNED TO REDUCE RADIATION
EXPOSURE FOR WORKERS AND PUBLIC

•

AS CAPACITY OF TRANSPORTATION CASKS INCREASES,
EXPOSURE AND PUBLIC PERCEPTION OF RISK DECREASE

•

MIX OF CASKS FOR THE SELECTED WASTE MANAGEMENT SYSTEM MUST BE
DETERMINED

•

EXAMINE STA6ING AREAS FOR RAIL TRANSPORTATION OF TRUCK CASKS
BETWEEN REACTOR AND REPOSITORY
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RADIATION

EXTRA LARGE CASKS FOR STORAGE
AND TRANSPORT OF SPENT FUEL
By
Kurt Goldmann and Paul N. McCreery

Presented at the System Integration

and O p t i m i z a t i o n Workshop
Third I n t e r n a t i o n a l Spent Fuel S t o r a g e Symposium/Workshop

A p r i l 8 - 1 0 , 1096
S e a t t l e , Washington, USA

Transnuclear, I n c .
White P l a i n s , , N . Y . ; A i k e n , S.C.

W-309

BACKGROUND

Transnuclear, Inc's long involvement in spent fuel cask
development and design has been characterized consistently by
an approach of maximizing cask carrying capacity within the
real constraints of other considerations such as dimensions,
weight, and fuel conditions. The evolution from the TR-8/9
series of truck transport casks, with the greatest capacity of
any presently certified truck cask, to the TN-12 series of rail
transport casks, with their capacities maximized for a variety
of fuel types within a 100-125 ton weight limit, to the TN-24
storage/transport cask with the maximum capacity for 100 ton
storage casks, is illustrative of this approach.
In 1981 Transnuclear began concept development of very
large storage/transport casks and determined that decoupling
cask sizes and weights from reactor crane lifting limits was
the key to further improving cask carrying capacity, payload
efficiencies (fuel weight as a percent of total weight) and
associated storage and transport economics. In 1984,
Transnuclear was awarded a contract by DOE under its Program
Research and Development Announcement for a Nuclear Waste
Packaging and Handling Design Initiative to perform a technical
feasibility study of such high capacity casks which are termed
Extra Large Storage Casks (XLSC's) and are defined as casks
that are too large or heavy to be handled by the spent fuel
loading cranes at most reactor sites.
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The scope of this study includes a technical evaluation of
and conceptual designs for storage/transport and storage-only
XLSC's, each containing either intact assemblies or
consolidated fuel rods. Por the consolidated fuel case, a
conceptual design was developed for a transportable fuel
disassembly and rod consolidation hot cell called the Mobile
Equipment for Consolidation (MEC). The study evaluated the
XLSC and MEC concepts, together with ancillary sy^ «ms and
equipment concepts,' for technical feasibility and for their
impact on the rest of the waste management system in terms of
modifications at handling sites, acceptance, costs, safety and
licensing/regulatory considerations.

CONCEPTUAL DESIGNS AND EVALUATION
The initial tasks addressed the development of conceptual
design-and interface criteria for the XLSC systems and the
MEC. The conceptual designs then proceeded on essentially
parallel courses.
XLSC's
With the decoupling of XLSC's from reactor fuel handling
facility restrictions, the question of how large an XLSC can be
and the factors of limiting size and weight become key issues.
The study addressed these issues for four XLSC configurations:
a.
XLSC for storage/transport of intact fuel;
b.
XLSC for storage-only of intact fuel;
c.
XLSC for storage/transport of consolidated fuel;
d.
XLSC for storage-only of consolidated fuel.

W-311

For consolidation, triangular cross-section storage cans
were selected to take advantage of the fuel rods' natural
tendency to assume a close-packed arrangement when placed in a
triangular can. It was also concluded that an XLSC with such
cans does not require a basket since the cans can be loaded
into the cask in hexagonal close-packed arrangements and are
self-supporting. Heat transfer characteristics with triangular
cans loaded in such an arrangement can also be greatly improved
when compared with those of cask-with-basket designs.
Figure 1 shows an XLSC with consolidated fuel. Except for
the elimination of a basket and the addition of rotating lid
features, the cask configuration is similar to that of other
spent fuel storage or transport cask. Preliminary thermal,
structural, shielding and criticality analyses were performed
and their results evaluated to, identify those requirements or
design criteria which limit the size of XLSC's.
The resultant capacities are shown and compared with the
DOE reference case in Table 1. It may be noted that doubling
the weight of a loaded cask will more than quadruple the
carrying capacity. This obvious advantage in payload
efficiency was evaluated with associated storage and transport
economics for the different postulated .scenarios.
The limiting parameters are cask width for transportable
casks and maximum fuel temperature for storage-only casks.
Generally, neither weight nor fabrication capabilities are
limiting the cask capacities.
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SUPPORT CASK SYSTEMS
To accomplish spent fuel transfer on the ractor site,
conceptual designs of smaller casks and ancillary equipment,
termed support cask systems, were developed. Some components
of these support cask systems can be used repeatedly at
different reactor sites i.e., each reactor site does not
require its own dedicated support cask system.
The general concepts for transferring intact fuel are shown
in Figure 2. Two alternatives are shown for removing fuel from
the pool. One is lo use a "dry" transfer cask moving, for
example, four fuel assemblies at a time directly between the
pool and the XLSC. This cask is bottom-loaded without being
immersed in the pool. A removable shielding collar extends far
enough into the pool to shield operating personnel as fuel is
lifted from the pool into the cask.
The other alternative utilizes a larger cask that may just
meet the handling limitations of an existing fuel handling
facility., this cask' is loaded in the pool under water in the
conventional manner, and would be internally dried and
externally decontaminated before being taken outside the
reactor building. The small, four-assembly dry cask would then
be used to transfer fuel from the pool-loaded cask to the
XLSC.
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A third alternative, which is primarily applicable to rod
consolidation in the MEC and is shown in Figure 3, would be to
use the dry transfer cask to load a "lag" storage cask at
whatever times the spent fuel pool facilities are available.
The lag storage cask provides a surge capacity fot spent fuel
storage, and separates pool availability from fuel
consolidation and/or XLSC loading operations. The dry transfer
cask would be used for transfers from the lag storage cask to
the XLSC or to the MEC feed cask.
For transferring fuel from the pool to the MEC, similar
transfer cask alternatives are used. A MEC feed cask, used to
supply 8 PWR or 16 BWR assemblies to the MEC, can be loaded by
immersion in the pool. If immersion is not desirable, use of
the smaller, dry transfer cask to load the MEC feed cask would
be appropriate.
For transferring consolidated fuel cans from the MEC to the
XLSC, the use of a six-can-capacity MEC product cask is
proposed.
All cask conceptual designs make extensive use of rotating
lids, and in some instances multiple rotating lids, to
accomplish the desired alignments.
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ANCILLARY SUPPORT EQUIPMENT
Mobile Transporters
Two types of transporters could be used to move the XLSC's
and the transfer casks about the site where the operations are
being performed. The first is a greater-than-200 ton capacity
straddle-hauler to carry an XLSC in either the horizontal or
vertical position and tq. rotate it between horizontal and
vertical.
A second type of on-site transporter would be a hydraulic
crane with double booms mounted or a "U" frame.
Rail Car Transporter
XLSC's can be transported on conventional, drop-center rail
cars with 8 to 12 axles. More likely, dedicated rail cars
would be built with modifications of the conventional
drop-center car. Such modifications would include heavy duty
springs, shallow sides to provide a better strength to weight
ratio, and tie-down arrangements built into the car.
Another approach that warrants consideration is the
Schnabel car concept which involves the load itself becoming
the center part of the rail car. .
Cask width with impact limiters, rather than cask weight
was found to be the limiting parameter for transport of XLSC's.
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Mobile equipment; for Consolidation (MEC)
The mobile equipment for consolidation (MEC) disassembles
spent reactor fuel and packages the fuel rods in equilateral,
triangular cans.
The MEC is a sealed enclosure with an inert atmosphere that
includes modularized, mechanical processing equipment. The MEC
can serve multiple reactor sites since its throughput will
handle an annual reactor's discharge in less than a month. The
unit should be transportable as a Type A package. The
shielding required during processing is provided by fixed
facilities at each reactor, referred to as stationary equipment
for consolidation (SEC). These facilities consist of a
concrete shielding tunnel within a building that provides
weather protection and air-lock capabilities. Figures 4 and 5
show the MEC and one MEC/SEC layout.
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TABLE i
CAPACITY COMPARISON
REACTOR SITE TO MRS
DOE-iOOT
XLSC-215T

STORAGE ONLY
XLSC

PWR (INTACT)

m

57

80

BWR (INTACT)

36

1M8

>300

s

PWR (CONSOLIDATED)

20

*

98

98)— 130

PWR (CONSOLIDATED)

HO

*

293

350 — 412

0088L
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FI6.1 - XLSC WITH CONSOLIDATED FUEL CANS

FIG.2 - INTACT FUEL OPERATIONS
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f ~" i DRY OPTION
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CASK

EXTRA LARGE CASK

FIG.3 - CONSOLIDATED FUEL OPERATIONS
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STUDY PARTICIPANTS AS SUBCONTRACTORS TO JAI

i

TRANSNUCLEAR, INC.

~

TRANSPORT CASK DESIGN & COSTS

INTERNATIONAL ENERGY ASSOCIATES/ LTD,

—

INSTITUTIONAL ANALYSIS

RALPH M. PARSONS COMPANY

—

DESIGN REVIEW

NUCLEAR FUEL SERVICES/ INC.

~

DESIGN-REVIEW

CO

Tug ASSESSMENT OF THE USE OF CENTRAL DISASSEMBLY AND PACKAGING FACILITY INCLUDED:

o

DEVELOPMENT OF DESIGN CRITERIA FOR CENTRAL DISASSEMBLY AND PACKAGING
FACILITY, REPOSITORY RECEIVING AND HANDLING FACILITY, AND TRANSPORT CASKS

o

DEVELOPMENT OF PRELIMINARY
FACILITIES

o

DEVELOPMENT OF LIFE CYCLE COSTS FOR
O
DOE ACCEPTANCE SCHEDULES (3)
0
REPOSITORY SCHEDULES (3)
0
SYSTEM CONFIGURATIONS (1)
REFERENCE REPOSITORY WITH
REFERENCE REPOSITORY WITH
CENTRAL DISASSEMBLY AND

Jj
S

CONCEPTUAL DESIGNS AND COST ESTIMATES FOR

A SERIES OF SCENARIOS OF

BACKUP MRS
AT-REACTOR STORAGE OF SPENT FUEL
PACKAGING FACILITY/STORAGE (INTEGRAL

MRS)
WITH OVERPACK AT CENTRAL DISASSEMBLY AND PACKAGING FACILITY
WITH OVERPACK AT REPOSITORY
o

ANALYSIS OF OTHER FACTORS

IT SHOULD BE REMEMBERED THAT THE PROPOSAL TO CONDUCT THIS WORK WAS MADE TO DOE PRIOR
TO THE ESTABLISHMENT OF THE I-MRS AS THE PREFERRED DOE SYSTEM APPROACH — THUS THIS
STUDY BECAME A DE FACTO INDEPENDENT ASSESSMENT OF THE I~MRS APPROACH TO A SPENT FUEL
MANAGEMENT SYSTEM.

COST OF CENTRAL DISASSEMBLY AND PACKAGING/MRS VS. OTHER ALTERNATIVES
o

COSTS $0.9-BILLION MORE IF NO STORAGE NEEDED IN SYSTEM (SO.A-BILLION MORE ON
DISCOUNTED BASIS)

o

CENTRAL DISASSEMBLY AND PACKAGING $0 TO $1.0-BILLION LESS EXPENSIVE THAN SYSTEM
WITH A BACKUP MRS FACILITY ($0.1 TO $0.4-BILLION ON A DISCOUNTED BASIS)

o

AT REACTOR STORAGE MORE ECONOMICAL THAN CENTRAL DISASSEMBLY/PACKAGING/STORAGE
UNDER SOME CIRCUMSTANCES* WHEN REPOSITORY
SYSTEM ON SCHEDULE, BUT CONSIDERABLY
REPOSI
LESS ECONOMICAL FOR REPOSITORY DELAYS
5 YR DELAY ~ $0.3 TO $0.5~BILLION MORE ($0.1 TO $0.2"BILLION MORE ON A
DISCOUNTED BASIS)
10 YR DELAY ~ $1.0 TO $1.4-BILLION MORE ($0.3 TO $0.5"BILLION MORE ON A
DISCOUNTED BASIS)

O

0VERPACK AT REPOSITORY COSTS ABOUT 1% MORE THAN AT CENTRAL FACh ITY.

*WHERE ADDED AT-REACTOR STORAGE CAPACITY CAN BE OBTAINED THROUGH A MIX OF RERACKING,
CONSOLIDATION AND METAL STORAGE CASKS. —'

COMPARISON OF THE TOTAL LIFE CYCLE COSTS OF THE DOE SPENT FUEL
MANAGEMENT SYSTEM FOR DIFFERENT SCENARIOS OF RECEIPT RATE. REPOSITORY
AVAILABILITY. AND LOCATION OF DISASSEMBLY. OVERPACK AND STORAGE FUNCTIONS

Life Cycle Costs (S-Millions. 1984)

DOE Spent Fuel
Acceptance Rate

Added
Storage
Requirements
(MTU)

Reference
Repository
Only

System
With

Backup
MRS

System
With
Integral MRS;
Overpack at
MRS

With
egral MRS;
overpack at
Repository

$ 1313ib
14132
15112

$ 13270°
14179
15126

14240
16234

System
With
No MRS;
AR
Storage

June 1985 Mission Plan
Authorized Capacity

i
(Ai

On-Time Repository
5-Year Repository Delay
10-Year Repository Delay

0
30.000
60.000

$12245

$

-D
14562
16133

June 1985 Mission Plan Improved
Performance Capacity
On-Time Repository
5-Year Repository Delay
10-Year Repository Delay

13,300
43.300
68,900

13613
15112
16440

13598
14596
15450

13699
14616
15446

13129
15111
16833

11.800
33,500
54.600

13643
14586
15731

13455
14171
14898

13622
14177
14824

13029
14472
15876

Generation Rate
On-Time Repository
5-Year Repository Delay
10-Year Repository Delay

a

As a result of the difference 1n the DOE fuel acceptance rate and the repository acceptance capability.
Ho storage required.

DIFFERENCES IN THE TOTAL LIFE CYCLE COSTS OF THE DOE SPENT FUEL
MANAGEMENT SYSTEM FOR DIFFERENT SCENARIOS OF RECEIPT RATE. REPOSITORY
AVAILABILITY. AND LOCATION OF DISASSEMBLY. QVERPACK AND STORAGE FUNCTIONS 8|b

DOE Spent Fuel
Acceptance Rate

Added
Storage
Requirements
(MTU)

Reference
Repository
Only

Life Cycle Costs (S-M11Hons t 1984)
System
System
With
With
System
Integral MRS;
Integral MRS;
With
Overpack at
Overpack at
Backup
MRS
Repository
MRS

June 1985 Mission Plan
Authorized Capacity
On-time Repository
5-Year Repository Delay
10-Year Repository Delay

ro
oo

0
30.000
60,000

($886)

$

-d
430
1021

June 1985 Mission Plan Improved
Performance Capacity
On-Time Repository
5-Year Repository Delay
10-Year Repository Delay

13.300
43.300
68,90b

-

15
516
990

Generation Rate
On-Time Repository
5-Year Repository Delay
10-Year Repository Delay

B
A
S
E
F
0
R
C
0
M
P

$ 139d
47
14

System
With
No MRS;
AR
Storage

$ -d
108
1122

101
20

(469)
515
1383

167
6
(74)

(426)
301
978

A

n

11,800
33.500
54,600

-

188
415
833

K
I

s
0

N
a

Us1ng the system with an Integral MRS with overpack capability as a base for comparison.
Figures In parentheses mean cost 1s lower than an Integral MRS with overpack capability.

c

As a result of the difference In the DOE spent fuel acceptance rate and the repository acceptance capability.

No storage required.

COMPARISON OF THE TOTAL DISCOUNTED (3X/YR.) LIFE CYCLE COSTS OF THE DOE SPENT FUEL
MANAGEMENT SYSTEM FOR DIFFERENT SCENARIOS OF RECEIPT RATE, REPOSITORY
AVAILABILITY. AND LOCATION OF DISASSEMBLY. OVERPACK AND STORAGE FUNCTIONS

DOE Spent Fuel
Acceptance Rate

Added
Storage
Requirements
(MTU)

Life Cycle Costs (S-M1ll1ons, Discounted 9 3VYr<)
System
System
System
System
With
With
With
Reference
V'lth
Integral MRS; Integral MRS; No HKS;
Repository Backup
Overpack at
Overpack at
AR
Only
MRS
MRS
Repository
Storage

June 1985 Mission Plan
Authorized Capacity

•
CO
INS
10

On-Time Repository
5-Year Repository Delay
10-Year Repository Delay

0
30.000
60,000

$ 5692
6171
6211

$ 6102 b
5968
5848

$ 61631
5997
5862

5965
6201

June 1985 Mission Plan Improved
Performance Capacity
On-Time Repository
5-Year Repository Delay
10-Year Repository Delay

13.300
43,300
68,900

6588
6562
6518

6468
6330
6166

6517
6350
6174

6277
6548
6686

11,800
33,500
54,600

6541
6284
6166

6392
6127
5900

6463
6146
5896

6204
6232
6239

Generation Rate
0n-T1me Repository
5-Year Repository Delay
10-Year Repository Delay

a

As a result of the difference 1n the DOE fuel acceptance rate and the repository acceptance capability.
No storage required.

DIFFERENCES IN THE TOTAL DISCOUNTED (3X/YR.) LIFE CYCLE COSTS OF THE DOE SPENT FUEL
MANAGEMENT SYSTEM FOR DIFFERENT SCENARIOS OF RECEIPT RATE. REPOSITORY
AVAILABILITY. AND LOCATION OF DISASSEMBLY. OVERPACK ANO STORAGE FUNCTIONS a.b

DOE Spent Fuel
Acceptance Rate

Added
Storage
Requirements
(MTU)

Life Cycle Costs ($-M1111ons. Discounted 9 3%/lr.)
System
System
Sys tem
With
With
With
System
Integral MRS; No MRS;
Reference
With
Integral MRS;
Overpack at
Repository Backup
Overpack at
AR
Only
MRS
Repository
MRS
Storage

June 1985 Mission Plan
Authorized Capacity
On-Time Repository
5-Year Repository Delay
10-Year Repository Delay
^
°H
o

B

A
0
30.000
60.000

($410)

$

-d
203
363

June 1985 Mission Plan Improved
Performance Capacity
0n-T1me Repository
5-Year Repository Delay
10-Year Repository Delay

13.300
43,300
68.900

-

120
232
352

Generation Rate
0n-T1me Repository
5-Year Repository Delay
10-Year Repository Delay

11.800
33.500
54.600

-

149
157
266

S

E
F
0
R
C
0
M
P
A
R
I
S
0
N

$

61 d
29
14

$

-d
(3)
353

49
20
8

(191)
218
520

71
19
(4)

(188)
105
339

a

Us1ng the system with an Integral MRS with overpack capability as a base for comparison.
Figures In parentheses mean cost Is lower than an Integral MRS with overpack capability.

c

As a result of the difference In the DOE spent fuel acceptance rate and the repository acceptance capability.
No storage required.

ADVANTAGES OF CENTRAL DISASSEMBLY AND PACKAGING/MRS IN DOE WASTE MANAGEMENT SYSTEM
o

DECOUPLES SITING & LICENSING OF DISASSEMBLY & PACKAGING ACTIVITIES FROM
REPOSITORY ACTIVITIES
o
o
o
o
O

LICENSING OF DISASSEMBLY AND PACKAGING FACILITIES COULD BE STARTED
EARLIER
SIMPLIFIES REPOSITORY LICENSING — LIMITED TO REPOSITORY ISSUES ONLY
REMOVES DISASSEMBLY AND PACKAGING FACILITIES FROM CRITICAL PATH OF
REPOSITORY
MORE SITING AND LICENSING EFFORT — BUT SPREAD OUT OVER MORE TIME
IDENTIFIES SITING AND LICENSING PROBLEMS AT EARLY DATE — MORE
EFFECTIVELY DEAL WITH REPOSITORY PROBLEMS

z
CO

"

o

ADDITIONAL SYSTEM FLEXIBILITY
o
REPRESENTS RECEIPT, PROCESSING, STORAGE AND DISTRIBUTION CENTER FOR
DOE SYSTEM
o
CAN BE USED FOR SORTING AND CAMPAIGNING OF FUEL
MIX HEAT LOADS OPTIMIZE

BWR/PWR, ETC.
o
*
o

STORAGE CAPABILITY COMPENSATES FOR MISMATCH BETWEEN REPOSITORY
RECEIVING SCHEDULE AND DOE ACCEPTANCE OBLIGATION
STORAGE CAPACITY INCLUDED ONLY TO EXTENT NEEDED
MINIMUM TIME REQUIRED TO ADD STORAGE CAPACITY (1 YR)
MULTIPURPOSE PACKAGING CAPABILITY
PACKAGE DESIGN CAN CHANGE
SAME FACILITY CAN ACCOMMODATE RANGE OF PACKAGE DESIGNS

ADVANTAGES OF CENTRAL DISASSEMBLY AND PACKAGING/MRS IN DOE WASTE MANAGEMENT SYSTEM
(CONTINUED)

£
to
10

o

MAINTAIN PROGRAMMATIC MOMENTUM
o
PROGRAM UNIQUE AMONG MAJOR NATIONAL PROGRAMS — IN DURATION AND
POLICITAL SENSITIVITY
o
MAINTAINS PROGRAM MOMENTUM AND CREDIBILITY ~ SHOWS TANGIBLE PHYSICAL
PROGRESS
PAID FOR BY ADVANCED FUNDS FROM CONSUMER

o

REDUCED TRANSPORT IMPACT
0
0

35-50% LESS SHIPMENT MILES INVOLVED
25-50% LESS CASK MILES INVOLVED

Presented at
Third International Spent Fuel Storage Technology
Symposium/Workshop in Seattle, WN April 10, 1986

STRUCTURAL ANALYSIS OF THE
BROWNS FERRY SPENT FUEL" STORAGE POOL

Burton F. Judson
William H. Whitling
General Electric Company
San Jose, California

INTRODUCTION
As part o-f a joint Spent Fuel Management Program with
the Tennessee Valley Authority, Seneral Electric Company
recently completed a structural analysis o-f the spent fuel
pool at the Browns Ferry nuclear power station to determine
if the pool floor can accommodate storage of consolidated
fuel (1)(2). Both linear and non-linear elastic techniques
were employed in the analysis with results that proved
highly effective in establishing with confidence the
adequacy of the safety margins available in the existing
structures.
POOL FLOOR LOADINGS
Most spent fuel pools today, including the fuel pools
for the three Boiling Water Reactors (BWR) at Browns Ferry^
have been provided with high-density storage racks that
allow ten years or nore of plant operation without loss of a
full-core reserve. The most straight-forward among the
various options for providing additional at-reactor storage
capacity is to consider storing consolidated fuel in the
pools where the fuel rods from up to two assemblies ar©
assumed to be stored in the space formerly occupied by on®
intact assembly. The keys to defining such an extended
storage option Are seismic/structural analyses of th® pool
floor and storage racks. This paper addresses just th© pool
floor analysis.
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The fuel pools at Browns F@rry and many other BWR sit@s
are located at an elevation within the building that pm-®it%
ready trans-f#r of spent -fuel,-from the reactor vessel <3).
The pools are rectangular in shape, some 35 feet wide by 40
feet long, and contain water somewhat under 40 feet in
depth. The pools are constructed of reinforced concrete
with stainless steel liners. The pool floor slabs are fiv@
feet thick with steel reinforcement bars 1.4 inches in
diameter. The various walls are up to six feet thick.
By disassembling the fuel elements, removing the scrap
hardware and consolidating the fuel rods, the storage
capacity of the pool system could conceivably be increased
up to 100 per cent (depending upon how much space is allowed
for short-cooled intact assemblies in addition to the
full-core reserve). The increase in pool floor loading,
however, would be less than 100 per cent due to other large
system loadings, particularly the water in the pool. For
example, the spent fuel in a typical high-density BWR
storage system for intact assemblies would contribute about
30 per cent to a total floor loading of about 5000 pounds
per square foot. Thus, assuming the weight of the rod
storage canister approximates the weight of the removed
scrap hardware, doubling the spent fuel loading by rod
consolidation would increase the floor loading by some 30
per cent.
The purpose of the floor analysis, then, is to
determine if the margins in the existing structure are
sufficient to accommodate storage of consolidated fuel
safely and well within the limits set by recognized codes
and standards.
ANALYSIS METHOD
The "Ultimate Strength Design" method was selected by
GE and TVA for the analysis as given in the concrete
building code published by the American Concrete Institute
with load combinations modified in accordance with the
Standard Review Plan of the Nuclear Regulatory Commission
(4)(5). The effects of the loads on the edges and center of
the floor slab were derived from standard methods refined
with a finite element plate analysis using ANSYS, a
nationally known code published by Swanson Analysis Systems,
Inc (6). The ANSYS code, including a special element
recently released by Swanson, has been installed and
thoroughly "debugged" in the General Electric computer
system.
To assure that potential interactions among the
building floors and walls were suitably addressed, a
computer model of the pool area was developed that included
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the floor slab, 15 vertical wall sections and 5 horizontal
wing sections. Actual arrangements o-f the rebar and
stirrups in the concrete were accounted for.
Live and dead-weight loadings with appropriate
combination multipliers, hydrostatic and thermal loadings
and loads generated by operating-base and safe-shutdown
earthquake conditions were calculated as combined uniformly
distributed loads for a series of case studies and applied
to the model of the building around the spent fuel pool.
For the postulated loadings, the applied moment and
shear force distributions within the walls and floors were
calculated using the ANSYS computer code and the results
postprocessed for comparison with the acceptability criteria
given in the ACI concrete code.
ELASTIC ELEMENT MODEL
The bulk of the finite element plate analyses were made
with linear elastic shell elements in which the rebar in thf*
concrete takes all the load in tension and the concrete can
exhibit some "plastic" deformation in compression according
to guidelines in the ACI code. An equivalent-plate-thickness
approach was used to reflect the reduced flexural stiffness
of the walls and floors under thermal loads.
The applied moment and shear forces calculated with the
linear elastic shell element showed the walls and floors of
the system'model under the various load combinations to meet
the flexural and shear strength requirements of the code.
INELASTIC ELEMENT MODEL
In addition to the elastic element model cases, finite
element plate analyses were made with nonlinear
stress-strain relationships in some of the elements. These
analyses made use of a special reinforced-concrete element
recently incorporated into ANSYS (Revision 4.2B) that can
model concrete cracking and crushing. The element
represents three directions of reinforcement material
(steel) in a concrete matrix that is assumed to fail and
then reorient when set limits are exceeded for cracking
(tension) and crushing (compression). The overall behavior
of a structure when analysed by the ANSYS technique shows
excellent correlation with test data in carefully defined
concrete—failure experiments (7).
Stresses in the rebar and stirrups were calculated at
representative positions within the concrete and found to be
well below the allowable limit, even under boiling-water
conditions. Compressive stresses in the concrete were also
calculated at different locations along the edges and cent«r
of the pool and found to be well below the allowable limit.
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The results of the nonlinear analyses thus reaffirroed
the results of the linear analyses and showed additional
margin in meeting flexural and shear strength requirements
under the various load combination cases. Comparative
results are illustrated in the attached -figure for lower
rebar tensile stress under boiling-water temperature and
operating-base earthquake conditions.
CONCLUSIONS
The first of three conclusions from the detailed
structural analysis of the Browns Ferry pool floor system is
that:
o

The fuel pool floors at Brawns Ferry can safely
accommodate storage of consolidated fuel rods.

The next step in the joint TVA/6E Spent Fuel Management
Program is to establish the practicality of storing
consolidated fuel in the existing high-density racks at
Browns Ferry. Prelimary results from structural analysis of
the Browns Ferry racks are encouraging.
-Two- additional-eonciusi-ons-,- with -broad-appl-i-catiorr-to- - nuclear utility sites, can be derived from the Browns Ferry
fuel pool floor analysis:
o

The advanced analysis methods now available can
readily determine the loading margins in storage
pool system structures.

o

Advanced structural analysis of the pool system
should be an early step in developing options for
extended storage of spent fuel at reactor sites.

Once the technical feasibility of storing consolidated
fuel in the existing pool system is established, the
economic and operational impact of fuel consolidation can be
considered and trade-offs with other pool expansion options
and dry modular storage systems evaluated.
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THIRD INTERNATIONAL SPENT FUEL STORAGE TECHNOLOGY
SYMPOSIUM/WORKSHOP
May 12, 1986
Workshop T i t l e : System Integration and Optimization
Workshop Session: Afternoon
Chairmen: E. R. Johnson
J. Moegling
Summary:

The lead-off speakers for the workshop and the subjects of their
discussions were as follows:
Carl Conner (DOE/OCRWM) -- description of systems-related activities of
OCRWM.
Kevin Kingsley (GNI) -- review of the GNS Castor V spent fuel storage
cask and licensing status
I. B. Droste (BAM) -- description of the licensing approach used in the
FRG to qualify the use of dual purpose casks
Klaus Einfeld (DWK) — description of the licensing for a 1500 MTU cask
storage facility, and a discussion of system integration activities in
FRG
John Carr (ONWI) -- description of considerations of a common canister
for use in the DOE spent fuel management system
Phillip Colton (ACDA) -- discussion of component optimization vs system
optimization, and safeguards considerations in the spent fuel management
system
Ray Hoskins (TVA) ••- discussion of the use of multi-attribute
to evaluate system optimization scenarios
Other panel members included Robert Williams
(DOE/OCRWM), and Marvin Smith (Virginia Power).

(EPRI), Dwight

analyses
Shelor

General discussions among panel members and workshop participants
followed the lead-off speakers. The results of these discussions resulted in
the following general conclusions on system integration matters.
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(1) It was recognized that systems Integration has been in the
forefront of the DOE/OCRWM program during recent years -- as
demonstrated by the PRDA studies and the activities of the
NRS/Repository Interface Task Force.
It was also generally
recognized that the Integral MRS represents a first step in
implementing the optimization of integration of the DOE spent fuel
management system.
(2) The methodology suggested by Ray Hoskins for the evaluation the
alternatives involved in the spent fuel management system was
recognized as one possible approach. However, there were many
different opinions regarding the extent to which representatives of
the general public should be involved in the evaluations, ranging
from little involvement to extensive involvement.
(3) One of the systems issues considered was the question of what types
of facilities need (as a minimum) to be located at the repository if
disassembly and packaging functions are provided at an Integral MRS
facility. One participant concluded that a cask receiving and
unloading and emplacement cask loading capability would be
required -- and that a limited amount of hot cell space should be
provided for housing a package evaluation activity. While no
particular objection was raised to this conclusion, it cannot be
represented as being the consensus of the participants present.
(4) It was the general consensus that once a dual purpose cask is loaded
with spent fuel, and nothing happens to the cask to suggest that a
change in the condition of the contained fuel has occurred, that
approval from NRC will be obtained for the shipment.
The most pervasive issue to come out of the workshop was the extent
to which public perceptions should be integrated with the design of facilities
in the spent fuel management system. This should be discussed in a future
meeting on a more systematic basis. Another issue that should be discussed at
a subsequent meeting concerns the minimum requirements for hot-cell type
activities at the repository in cases where disassembly and packaging is
performed at a location different than the repository.
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LICENSING APPROACH USED IN THE F.R.G. TO QUALIFY DUAL PURPOSE CASKS
Bernhard Droste
Bundesanstalt fur Materialprtifung (BAM)
Unter den Eichen 87
D-1000 Berlin 45
An important component of the West-German government's nuclear
energy and waste policy is the availability of three AFR interim
storage facilities, each with an equivalent capacity of 1.500 tons
Uranium. The facility at Gorleben after final inspection tests is
now re»dy for service. The Ahaus facility was under construction
that is stopped at the moment because of a law court decision. A
third facility of the same type is planned to be constructed as a
receiption storage of the reprocessing plant at Wackersdorf.
The favourite AFR interim spent fuel storage technology of the
West-German utilities is the dry storage in transport casks.
Because of the dual purpose the cask design is object of two licensing processes:
1. Approval of the cask design according to the FRG transportation
regulations which coincide with the IAEA regulations for type
B(U)-packagings for radioactive materials.
2. The storage facility licensing according to the FRG Atomic
Energy Act. This licensing includes the safety evaluation of
any cask design to be used in the storage.
The competent authority for the licensing of the AFR storage facilities Gorleben and Ahaus in the "Physikalisch-Technische Bundesanstalt (PTB)". The PTB is also responsible for the type B(U)-certification and the spent fuel shipment approval.
My institution, the "Federal Institute for Materials Testing(BAM)"
is responsible for the mechanical and thermal transport cask design
investigations and the evaluation of the quality assurance measures fiir type B-packagings.
In running storage facility licensing procedures, the BAM was commissioned by the PTB to evaluate the casks related safety aspects.
BAM and PTB are independant scientific-technical institutions of the
federal government.
Another independant expert institution, the "Technischer Uberwachungsverein (TUV) Hannover" was commissioned with the safety evaluation of the spent fuel integrity and radiation protection
aspects.
The respective cask designs of actual licensing procedures are
CASTOR-casks of the producer "Gesellschaft fiir Nuklear-Service
(GNS)" and TN 1300 - and TN 900 - casks of the producer
"Transnuklear (TN)". These cask producers are the applicants in
transport licensing.
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Applicants in the storage facility licensing are the "Deutsche G©sellschaft fur Wiederaufbereitung von Kernbrennstoffen (DWK) M and
accompanied storage utilities.
The applicants safety analysis reports have to be examined by the
independent expert institutions. The BAM's examination and the
results of the type B - tests, which are carried out in the PRG
only by BAM, are the basis for the PTB's type B(U)-certificate of
approval.
The safety evaluation expertises of BAM and TUV Hannover are the
basis for the storage permission issued by PTB.
After this survey on the actual FRG licensing situation, I will
now concentrate on some technical aspects of the licensing
approach used in the FRG to qualify these dual purpose casks.
V7hile in transport cask licensing the facts to be proved in the
safety analysis are more or less defined in regulations, the safety criteria for storage licensing had to be defined at first, because the Atomic Energy Act formulates the safety goal in a very
general form and no specific requirements on the dry-storage-incasks-concept are existing. But nevertheless the "Reactor Safety
Commission" - a board of scientific experts consulting the Federal
Department of Interiour - pointed out in a statement on the
feasiblity of the safe interim spent fuel storage in transport
casks, that the basis for this dry storage technology shall be the
cask design type B(U)-approval and additional storage related improvements of the cask's containment design. The advantages of
this solution is ths simple integration into the spent fuel circle
and a simplification of the total licensing procedure.
The transport cask design criteria with respect to radiation shielding, fuel sub-criticallity and heat removal are similar or identical for transport and storage purposes.
In relation to conventional transport cask designs the casks also
suitable for storage purposes have to meet additional specific
long- term storage related criteria:
a) A double barrier containment system as a redundant closure of
the cask's cavity.
b) Long-term leaktightness of the containment system to be guaranteed by metallic gaskets. The high long-term resistance of the
chosen "Helicoflex"-type gaskets is produced by an internal
elastic spring of nickel-base alloys, the best known creepresistant materials. Endurance tests with similar gaskets with
spring steel only are still running at the CEA-laboratories in
Pierrelatte / France since May 1973 or since September 1977
resp.
The maximum leakage rate of the gaskets is specified on a very
low level of * 10 ~? bar cm3/s (per barrier). Other prerequisites for the system property leaktightness are propper flange
surface conditions with a specific surface roughness, the preservation of the gasket compression by the flanges'geometry
and the bolting of the lids and the construction of the lid
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system in that /ay that a Helium-leagage test is possible at
every metal gasket.
c) To avoid corrosion, dry storage conditions inside the cask's
cavity and other spaces inside the lid system due to inert gas
filling with a specified contents of remaining humidity has
to be guaranteed by evacuation operations.
Experiences from different dry storage demonstration programmes
have shown that a direct measurement of the gaseous water content has to be performed additionally to the formerly used
pressure-rise measurement..
The allowable water content of the cavity is specified with a
gas atmosphere's dew point of - 10*C (equivalent to * appr.
10 g H 2 0/m3)- This value assures that only a negligable mass of
water remains, that during the measurement no condensed water
causes a measurement error and that a permanent water condensation during the average storage period is also not possible.
For Aluminium-coated gaskets the specified water contents inside bigger cask cavities can be even smaller. In this case we
assumed in the safety assessment conservativelly an oxidization
restricted only to the gasket surface. The maximum water contents is than specified to that mass that can oxidize the fifth
part of the Al-coating thickness.
d) Permanent monitoring of the containment's function is done by a
pressure gauge that signals the drop of the interspace pressure
between the first and the second lid.
e) A reinstallation concept for the double barrier containment
system has to be performed in case of a failure of one lid
system. A lid system failure is not expected systematically
but had to be assumed as a single event. If a failure of the
inner lid will be detected, an additional lid has to be welded
above the outer lid to reconstruct a second leaktight barrier.
Beside this is has to be pointed out that in the transport
cask aproval both of the two lid systems have to be qualified
separately under type B(U) conditions. Thus it is possible to
carry out a usual shipment with only one lid system in
function.
With respect to the accident analyses, it could be shown that
accident impacts to be assumed in a storage facility are usually
covered by the transport cask approval qualification tests.
For risk minimization purposes in FRG licensing of nuclear facilities an aircraft crash has to be taken into consideration.
Therefore the first dry stcrage cask designs had been tested by m.
special penetration test. A steel projectile with a mass of
1 ton, accelerated to 300 m/s was crashed onto a CASTOR- and a
TN 1300-cask. It could be shown that the casks are able to withstand this impact.
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One point of major interest of the transport cask approval had
been extensive drop test programmes with several casks and modells to investigate and demonstrate the safety of the cask's
body material nodular cast iron and the containment's leaktightness. Among these tests we carried out 9m-drop tests onto an
unyielding target with up to now three different casks of original size. These test objects had been cooled down to -40°C
to examine the material's ability to prevent brittle fracture
even under the most severe mechanical impact. Based upon the
material investigations of these test objects, considering the
casting process and design depending material property variations, the material and nondestructive test specifications had
been defined.
Both purposes, transportation and storage, require a complete
quality assurance (QA) programme. The QA-programme for the manufacturing is requested and approved within the transport cask
approval. Part of the storage facility permission is the QAprogramme for those measures to be carried out after the cask's
loading.or prior to the storage begin.
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A TVA VIEW OF
SPENT FUEL SYSTEM INTEGRATION AND OPTIMIZATION
by
Raymond E. Hosklns
Third Internationa! Spent Fuel Storage
TechnoIogy SymposI urn/Workshop
April 8-10, 1986

TVA has been active In studying alternatives for at-reactor storage and how
they Interface with other parts of the system. Most recently our attention
has been focused on rod consolidation to expand In-poo I storage, augmented
with modular dry cask storage. This approach provides flexibility to
accommodate the uncertainties In spent fuel production and when DOE will
accept fuel on a large scale and can provide storage well beyond the useful
plant service life If necessary. Interfacing onstte storage with the
system can have major effects on other subsystems when considering the
functions different types of casks can serve: .
MODULAR DRY STORAGE CASK SUBSYSTEMS
o CONVENTIONAL CASK - Designed for storage only and the fuel would be
transferred to a shipping cask for removal from the power plant site.
(Dry wells and concrete modules are similar from a systems standpoint.)
o DUAL-PURPOSE CASK - Designed for both storage and transportation. The
same cask can also be used for offsite storage.
o UNIVERSAL CASK - Designed to serve as the disposal package, as well as
for storage and transportation.
When discussing SYSTEM INTEGRATION and OPTIMIZATION, It Is useful to define
what we mean:
DEFINITIONS
o SYSTEM - The system Is defined as the management of spent nuclear fuel
from the time It is discharged from reactors through disposal in a
geologic repository. It Is made up of a number of subsystems that must
be effectively Interfaced to permit the whole system to function.
o INTEGRATION
subsystems.
that can be
choices are

- A great many choices must be made In defining individual
Many of these choices affect the performance and choices
made In the other subsystems. Integration implies that
to be made on the basis that best serves the whole system.

o OPTIMIZATION - Selecting the combination of individual subsystem
choices that produces the "best" overall system solution.
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SYSTEM and INTEGRATION Implications are easily understood, but we sometlraes
have trouble with OPTIMIZATION when we must define what we mean by
"best." Technically, we think In terms of maximizing beneficial attrlbut@s
and minimizing adverse Impacts to arrive at a balance between conflicting
objectives to arrive at the "best" compromise. In a controversial public
policy Issue like nuclear waste management, there Is a large number of
diverse stakeholders who must accept. If not support, the solution so It
can be Implemented. To qualify as a solution, an alternative must meet
technical functional requirements and be potentially acceptable by the
stakeholders. If an alternative falls either test, it Is not a viable
solution. Each qualified alternative should be optimized by utilizing the
value structure by which the alternatives will be judged. The optimum
solution would then be the ajternatlve that measures as "best" in terms of
the stakeholders' value criteria. .
For the most part we have, In the nuclear Industry, arrived at proposed
solutions by applying optimization to the technology without active
Involvement of the other stakeholders and then undertake to gain acceptance
In an adversarial process. The solution may be very good, but the other
stakeholders have no ownership In the proposed solution and may have a
basic distrust of the proposer. This generally leads to endless techntcai
arguments and political or legal compromise that frequently render the
solution ineffective or unacceptable. This approach to optimization and
declslonmaklng, clearly, has not worked well In the past several years, and
there Is no reason to believe that It will be very successful In the
foreseeable future. The process and the solution are very independent.
Therefore, we need to devise a process for optimization and declsionmaklng
that makes the stakeholders part of the solution throughout the process.
In this process, technology should be viewed as a means of serving the
needs of the stakeholders.
TVA, WestInghouse, and Florida Power and Light Company (FP&L) jointly
performed a Program Research and Development Announcement (PRDA) study of
metallic cask systems
for DOE In which a peer review group
representative of the various stakeholders was used to develop value
crlterlafor use in optimization and evaluation of system alternatives
using muItlattribute decision analysis methodology. Measures and utility
functions were developed and applied In the evaluation by the project
team. The stakeholder value criteria and the average team weighting
factors used were:
PRDA PRO.|FnT
Stakeholder Criteria

Average Team Weight (<)

o Health and Safety
o Economics
©Environmental
o SchedulIng
o
o
o
o

Political
Social
Fairness
Flexibility
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The first four of these are easily quantifiable and are traditionally used
in declslonmaklng and represented about 40 percent of the weight. The last
four criteria are more subjective and difficult to quantify yet represent
about 60 percent of the weight. These weighting factors were encoded from
industry representatives with strong technical but perhaps enlightened
social backgrounds. In practice, broader stakeholder weighting factors
should be used. We suspect that they probably would have given even less
weight to the traditional values. We believe this methodology shows
promise of being helpful In arriving at solutions to controversial public
policy issues and should be developed further. Other conclusions of a
technical nature drawn from the PRDA study were:
PRDA PROJECT TPCHNICAi CONCLUSIONS
o The dual-purpose and universal casks, as well as the conventional
storage-only cask concepts, merit further study.
o Rod consolidation appears to be beneficial to the overall system,
especially when performed at the reactor or an MRS.
o There is great potential for Improvement in the overall system through
effective integration and optimization of transportation.
In the PROA study, it was assumed that individual cask shipments would be
made, 70 percent by ralI and 30 percent by truck, from reactors by common
carrier. These are the traditional assumptions that have been made in most
spent fuel management studies. While transportation Is a relatively snail
part of the overall system cost, how It is done has far-reaching
implications in overall system integration and optimization since it is the
common link among several subsystems. Moreover, transportation Is the
segment of the system that most directly impacts on the public, and the
negative public perceptions related to transportation are a reaiIty which
must be recognized. Therefore, It Is very Important that we approach
transportation In a way to Instill public confidence that we have Indeed
done everything within reason to optimize transportation to minimize
impacts on the public. To examine the potential for transportation system
optimization, TVA did a parametric study of several transportation system
concepts,
with and without at-reactor fuel consolidation and with and
wiThout an Integral MRS In the system. A relative comparison of Important
attributes of five spent fuel transportation systems Is shown In figure 1.
The attributes are described In terms of the following four proxy
measures:
TRANSPORTATION SYSTEM PROXY MFAStlRFS

o TRIP-MILES - This Is the sum (one-way) of Individual trip-miles
required to move the fuel to the geologic repository. A single cask
shipped by truck or rail counts as one trip as does multiple-cask
shipments by train or barge. Trip-miles are closely related to the
potential for accidents Involving spent fuel and other real or
perceIved public i rapacts.
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PARAMiTRIC REUTIVi COMPARISON OF IMPORTANT
ATTRIBUTES OF SPINT FUII. TRANSPORTATION SYSTIMS

o CASK - This is the number of casks that must be loaded, shipped, and
handled, excluding cask used for storage only at the reactor or MRS.
Occupational radiological commitments and handling costs are closely
related to this parameter.
o TON-MILES - This Is the gross weight of cask round trip ton-miles
(Including the fuel one-way) and Is an Indicator of the freight
charges.
o DOSE - This Is the number of days that casks are in transit and Is
closely related tc public radiological dose commitment.
Miles traveled are based on modified great circle distances and travel time
Is based on truck shipment at 35 mph, rail by common carrier at 7.5 mph,
and rail by dedicated train at 25 mph.
Large cask capacities are characteristic of forged steel or cast Iron
.designs. It is recognized that it Is possible to achieve substantially
higher pay loads with designs using composite materials. The largest cask
practical was always used consistent with reactor handling constraints and
cask system under consideration.
ALTERNATIVE TRANSPORTATION StflSYSTEMS

Traditional Transportation System - This system uses a nominal 100-ton rail
cask and a 25-ton truck cask that have respective capacities of 6.3 and 0.9
metric tonnes of intact fuel or twice that amount for consolidated fuel.
All shipments are made one cask at a time by common carrier, 70 percent by
rail and 30 percent by truck. A nominal 140-ton cask with a spent fuel
capacity of 8.1 metric tonnes Is used for MRS to repository shipments.
I mm paved Traditional Transportation System — This system Is the same as the
preceding system except every effort Is made to maximize rail shipment
through upgrading plant facility access and the use of barge or heavy haul
vehicles to move large casks to a railhead. In this instance, 92 percent
of the spent fuel Is shipped by rail and only 8 percent by truck.
Integrated Mixed Dual—Purpose CflfK System — This family of dual-purpose
casks consists of nominal 25-, 40-, 100-, 125-, and 150-ton casks with
Intect fuel capacities of 0.9, 1.8, 7, 10, and 12.5 metric tonnes of intact
fuef and twice that for consolidated fuel. As in the preceding case, the
saimi special handling cf large casks Is used but the smaller 25- and 40-ton
casks are also shipped by rail. Dedicated trains are used with 5 large or
10 small casks assumed to be carried In each shipment.
Integrated large Dual—Purpose CflSK System — This Is the same as the
preceding system except the small casks are eliminated through the use of a
transfer cask as necessary to allow these plants to load a 125-ton cask.
If^iversai Cask System - This Is the same as the preceding case except a
single nominal 85-ton cask is used which has an intact fuel capacity of
4 mstric tonnes or 8 metric tonnes consolidated. The cask Is used as the
repository container which constrains Its capacity to eight metric tonnes
for the most restrictive geological media which is assumed to be a tuffs or
othar hard rock.
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From this comparison, It Is seen that there Is room for a great deal of
improvement In the transportation system. The Integrated dual-purpose cask
system appears to have the best overall potential for transportation
optimization, Irrespective of consolidation location or whether an MRS Is
In the system. Moreover, this concept also has good potential to minimize
transportation Institution impacts related to routing, security,
inspections, and emergency response. The universal cask Is not quite as
effective but may have compensating benefits In the repository.
In conclusion, I would like to emphasize the Importance of working up front
wlTh the stakeholders In defining and optimizing systems to meet their
criteria. Otherwise, we may be running a very high risk of having our work
rejected outright or so hobbled by compromise as to render It Ineffective.
This could be very expensive In terms of time, money, and credibility.

SPS
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MODULAR DRY STORAGE CASK SUBSYSTEMS
0 CONVENTIONAL CASK - DESIGNED FOR STORAGE ONLY AND THE FUEL
WOULD BE TRANSFERRED TO A SHIPPING CASK FOR REMOVAL FROM THE
POWER PLANT S I T E .
0 DUAL-PURPOSE CASK - DESIGNED FOR BOTH STORAGE AND
TRANSPORTATION.

THE SAME CASK CAN ALSO BE USED FOR OFFSITE

STORAGE.
0 UNIVERSAL CASK - DESIGNED TO SERVE AS THE DISPOSAL PACKAGE,
AS WELL AS FOR STORAGE AND TRANSPORTATION.

SPS
V86
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DEFINITIONS
0 SYSTEM - THE SYSTEM IS DEFINED AS THE MANAGEMENT OF SPENT
NUCLEAR FUEL FROM THE TIME IT IS DISCHARGED FROM REACTORS
THROUGH DISPOSAL IN A GEOLOGIC REPOSITORY. IT IS MADE UP OF
A NUMBER OF SUBSYSTEMS THAT MUST BE EFFECTIVELY INTERFACED TO
PERMIT THE WHOLE SYSTEM TO FUNCTION.
0 INTEGRATION - A GREAT MANY CHOICES MUST BE MADE IN DEFINING
INDIVIDUAL SUBSYSTEMS. MANY OF THESE CHOICES AFFECT THE
PERFORMANCE AND CHOICES THAT CAN BE MADE IN THE OTHER
SUBSYSTEMS. INTEGRATION IMPLIES THAT CHOICES ARE TO BF MADE
ON THE BASIS THAT BEST SERVES THE WHOLE SYSTEM.

o OPTIMIZATION - SELECTING

THE COMBINATION OF INDIVIDUAL

SUBSYSTEM CHOICES THAT PRODUCES THE "BEST" OVERALL SYSTEM
SOLUTION.

SPS
V86
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PRDA

PROJECT
AVFRAGE TEAM WEIGHT (%)

STAKEHOLDER CRITERIA

O
o
o
o

HEALTH AND SAFETY
ECONOMICS
ENVIRONMENTAL
SCHEDULING

5.2
23.3
0.0
13.3

o
o
o
o

POLITICAL
SOCIAL
FAIRNESS
FLEXIBILITY

24.6
2.9
2.0
28.7

SPS
4/86
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-<
> 41.8
at

. 58.2

PRDA PROJECT TECHNICAL CONCLUSIONS
o THE DUAL-PURPOSE AND UNIVERSAL CASKS, AS WELL AS THE

CONVENTIONAL ST0RA6E-0NLY CASK CONCEPTS/ MERIT FURTHER
STUDY.
o ROD CONSOLIDATION APPEARS TO BE BENEFICIAL TO THE OVERALL
SYSTEM/ ESPECIALLY WHEN PERFORMED AT THE REACTOR OR AN

o THERE IS GREAT POTENTIAL FOR IMPROVEMENT IN THE OVERALL
SYSTEM THROUGH EFFECTIVE INTEGRATION AND OPTIMIZATION OF THE
TRANSPORTATION SUBSYSTEMS.

SPS,
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TRANSPORTATION SYSTEM PROXY MFASURES
o TRIP-MILES MILES

T H I S I S THE SUM (ONE-WAY) OF INDIVIDUAL

TRIP-

REQUIRED TO MOVE THE FUEL TO THE GEOLOGIC REPOSITORY.

A SINGLE CASK SHIPPED BY TRUCK OR RAIL COUNTS AS ONE TRIP AS
DOES MULTIPLE-CASK SHIPMENTS BY TRAIN OR BARGE.

TRIP-MILES

ARE CLOSELY RELATED TO THE POTENTIAL FOR ACCIDENTS

INVOLVING

SPENT FUEL AND OTHER REAL OR PERCEIVED PUBLIC IMPACTS.

o CASK -

T H I S I S THE NUMBER OF CASKS THAT MUST BE LOADED,

SHIPPED/ AND HANDLED/ EXCLUDING CASK USED FOR STORAGE ONLY AT
THE REACTOR OR MRS.

OCCUPATIONAL RADIOLOGICAL COMMITMENTS

AND HANDLING COSTS ARE CLOSELY RELATED TO THIS PARAMETER.

o TON-MILES MILES

T H I S I S THE GROSS WEIGHT OF CASK ROUND T R I P TON-

(INCLUDING THE FUEL ONE-WAY) AND IS AN INDICATOR OF THE

FREIGHT CHARGES.

o DOSE -

T H I S I S THE NUMBER OF DAYS THAT CASKS ARE I N TRANSIT

AND I S CLOSELY RELATED TO PUBLIC RADIOLOGICAL DOSE
COMMITMENT.

SPS
if/86
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ALTERNATIVE TRANSPORTATION SUBSYSTEMS
TRADITIONAL TRANSPORTATION SYSTEM - THIS SYSTEM USES A NOMINAL
100-TON RAIL CASK AND A 25-TON TRUCK CASK THAT HAVE RESPECTIVE
CAPACITIES OF 6 . 3 AND 0 . 9 METRIC TONNES OF INTACT FUEL OR TWICE
THAT AMOUNT FOR CONSOLIDATED FUEL.
CASK AT A TIME BY COMMON CARRIER/
30 PERCENT BY TRUCK.

ALL SHIPMENTS ARE MADE ONE
70 PERCENT BY RAIL AND

A NOMINAL 140-TON CASK WITH A SPENT FUEL

CAPACITY OF 8 . 1 METRIC TONNES IS USED FOR M*S TO REPOSITORY
SHIPMENTS.

TRApmoNAL TRANSPORTATION S Y S T E M - T H I S SYSTEM IS T H E
SAME AS THE PRECEDING SYSTEM EXCEPT EVERY EFFORT IS MADE TO
MAXIMIZE RAIL SHIPMENT THROUGH UPGRADING PLANT FACILITY ACCESS
AND THE USE OF BARGE OR HEAVY HAUL VEHICLES TO MOVE LARGE CASKS
TO A RAILHEAu. IN THIS INSTANCE, 92 PERCENT OF THE SPENT FUEL IS
SHIPPED BY RAIL AND ONLY 8 PERCENT BY TRUCK.
IMPROVED

INTEGRATED M I X E D D U A L - P U R P O S E C A S K S Y S T E M - T H I S FAMILY OF DUALP U R P O S E CASKS CONSISTS OF NOMINAL 25-/ 40-, 100-/ 125-/ AND 150-

TON CASKS WITH INTACT FUEL CAPACITIES OF 0.9/ 1.8/ 7/ 10/ AND
12.5 METRIC TONNES OF INTACT FUEL AND TWICE THAT FOR CONSOLIDATED
FUEL. AS IN THE PRECEDING CASE/ THE SAME SPECIAL HANDLING OF
LARGE CASKS IS USED BUT THE SMALLER 25- AND 40-TON CASKS ARE ALSO
SHIPPED BY RAIL. DEDICATED TRAINS ARE USED WITH 5 LARGE OR 10
SMALL CASKS ASSUMED TO BE CARRIED IN EACH SHIPMENT.
iNTFGRATEn LARGE DUAL-PURPOSE CASK SYSTEM - THIS IS THE SAME AS
THE PRECEDING SYSTEM EXCEPT THE SMALL CASKS ARE ELIMINATED
THROUGH THE USE OF A TRANSFER CASK AS NECESSARY TO ALLOW ALL
PLANTS TO LOAD A 125-TON CASK.
I'NIVFRSAI

C

*SK SYSTEM

-

THIS IS THE SAME AS THE PRECEDING CASE

EXCEPT A SINGLE NOMINAL 85-TON CASK IS USED WHICH HAS AN INTACT
FUEL CAPACITY OF 4 METRIC TONNES OR 8 METRIC TONNES
CONSOLIDATED.

THE CASK IS USED AS THE REPOSITORY CONTAINER WHICH

CONSTRAINS ITS CAPACITY TO EIGHT METRIC TONNES FOR THE MOST
RESTRICTIVE GEOLOGICAL MEDIA WHICH IS ASSUMED TO BE A TUFFS OR
OTHER HARD ROCK.
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